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Mussel poison extracts, even after preliminary purification (1, 2), retain 
varying amounts of other bases. A study of these bases was made for the 
following reasons. First, the fact that these bases contaminate the poison 
in partially purified extracts indicates that they are similar in chemical 
properties to the poison. Second, the removal of these bases would be 
made easier if they were identified. 

Ackermann isolated and identified several nitrogenous bases from the 
extract of whole mussels. In Mytilus edulis L. he found adenine, arginine, 
betaine, neosine,’ methylpyridinium hydroxide, and crangonine (4), and in 
Arca noae, arcaine (1,4-diguanidobutane), y-butyrobetaine, stachydrine, 
homarine, and carnitine (5, 6). Betaine has been identified (7) and taurine 
has been reported (8) in liver extracts from Mytilus californianus Conrad. 
In the present investigation taurine was isolated and identified. 

Betaine was identified in the filtrates from the ion exchange of crude, 
mussel liver extracts on Decalso and in the acid filtrates from the chromato- 
graphic fractionation of the crude extracts on norit A. The fact that no 
betaine was found in Decalso eluates indicates that it is not adsorbed by 
Decalso. 

Choline was found in Decalso eluates; after chromatography of the elu- 
ates on norit A, it was found in the primary acid filtrates. The same be- 
havior of choline was observed when crude, mussel liver extracts were chro- 
matographed. 

A third base, homarine (methylbetaine of picolinic acid), was identified 
in the acidified methanol eluates from the chromatographic fractionation 
of Decalso eluates or of crude, mussel liver extracts. 

The behavior of the bases accompanying mussel poison is summarized 
in Diagrams 1 and 2. It is interesting to note that these three bases are 


* The work described in this paper was done under a contract between the Chemi- 
cal Corps, Camp Detrick, Frederick, Maryland, and Northwestern University and 
the University of California. 


1 Strack et al. (3) showed that ‘‘neosine”’ chloroaurate actually consisted of mixed 


crystals of betaine and choline chloroaurate. 
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similar in chemical structure; each contains quaternary nitrogen. This 
fact suggests that mussel poison may also be a quaternary base. 

No systematic attempt was made to isolate free amino acids from mussel 
liver extracts. However, the precipitate from concentrated ion exchange 
filtrates at pH 5.0 was identified as tyrosine. 


Filtrate and washings Primary acid filtrate 








Betaine Choline 
(Mussel poison) 


Ion exchange on 
barium Decalso 





Chromatography 














Eluate on norit A Water eluate 
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D1aGRaM 1. Separation of the bases in crude liver extract from poison mussels 
by ion exchange on Decalso followed by chromatography of the poison concentrate 
on acid-washed norit A. 
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D1aGRaM 2. Separation of the bases in crude liver extract from poison mussels 
by chromatography on acid-washed norit A. 


At least one other substance, probably a base, was found associated with 
the purified mussel poison obtained by chromatography. Its presence was 
established by the ultraviolet absorption spectrum of the partially purified 
poison. This showed a maximum at 2575 A, which was at first thought 
to be due to the poison itself. However, after further purification of the 
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poison by precipitation as the rufianate or helianthate, no absorption in 
this region could be detected. The ultraviolet-absorbing material was 
found concentrated in the mother liquors. Although the amount of mate- 
rial available was insufficient for identification, its absorption maximum 
showed it to be different from homarine (maximum, 2730 A). 


EXPERIMENTAL”: 2 


Identification of Taurine in Alcohol-Insoluble Fraction of Decolorized Mus- 
sel Liver Extracts—25 gm. of the alcohol-insoluble fraction of a decolorized 
liver extract (1) were dissolved in 70 ml. of boiling water, treated with 
1.0 gm. of norit A, and filtered. Dilution of the hot filtrate with 280 ml. 
of ethanol and cooling furnished white crystals and some amorphous yellow 
material. Crystallization from 20 per cent aqueous alcohol yielded 5.2 gm. 
of white needles which gave a qualitative test for sulfur. The material was 
identified as taurine by elementary analysis. 


C.H;NO;S. Calculated. C 19.19, H 5.64, N 11.19 
Found. ‘6° 19:07, * 6.62, “* 19°06 


Identification of Bases Found in Acid Filtrate and Acidified Methanol Elu- 
ate after Chromatography of Crude Mussel Liver Extracts on Norit A—The 
acid filtrates from several chromatographic fractionations of crude liver ex- 
tracts were combined (3675 ml., total solids, 107.4 gm.). The bases were 
precipitated as the reineckates by the addition of 2500 ml. of freshly pre- 
pared, saturated, aqueous Reinecke salt solution. The precipitate, which 
had a glistening appearance characteristic of choline reineckate, was col- 
lected, washed with cold water, and dried (45.1 gm.). A 5 gm. portion 
of the reineckate, suspended in 45 ml. of water, was treated with 25 ml. of 
concentrated NH,OH to dissolve the reineckates of those bases containing 
an acidic group (9). The mixture was stirred for 30 minutes and then 
centrifuged. The residue was extracted twice more with dilute NH,OH, 
and the final residue was suspended in a little water, collected, and dried 
(1.65 gm.). The combined ammoniacal solutions were acidified with con- 
centrated HCl and the precipitate was collected, washed, and dried (3.35 
gm., m.p. 149-151°). 

The combined, acidified, methanol eluates from several chromatographic 
fractionations (total solids, 20.9 gm.) were concentrated to 200 ml., diluted 
to 1.0 liter with water, and concentrated to 400 ml. to remove most of 
the methanol. A 10 ml. portion of the concentrate was made alkaline with 

2 All melting points were taken with a Fisher-Johns melting point apparatus and 
are corrected. 


3 The microanalyses were done by June Anderson, Patricia Craig, Margaret Led- 
yard, and Rita Pivan, Northwestern University. 
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concentrated NH,OH and treated with 10 ml. of the Reinecke salt solution, 
but no precipitate was obtained. After 10 minutes the solution was acidi- 
fied, and a precipitate formed immediately, which indicated that bases with 
an acidic group were present. The remainder of the extract was treated 
with saturated Reinecke salt solution without the addition of NH,OH. 
The red precipitate was collected and dried (10.7 gm.). 

Identification of Betaine—The alkali-soluble reineckate (3.35 gm.) was dis- 
solved in 150 ml. of a 1:1 acetone-water mixture and treated with 218 ml. 
of a 0.6 per cent AgeSO, solution (10). After removal of the silver reineck- 
ate, the filtrate was treated with an equivalent amount of BaCl, solution. 
The BaSQ, was collected and the filtrate concentrated to 10 ml. One-third 
of the filtrate was treated with gold chloride solution, and the chloroaurate 
was crystallized twice from 1 per cent HCl (m.p. 229-230° with decomposi- 
tion). This was identified as betaine chloroaurate. 


CsHiNO2-HAuCl,. Calculated, Au 43.14; found, Au 42.92 


The remaining two-thirds of the base chloride was converted to the 
picrate (m.p. 181-183°). A mixture with an authentic sample of betaine 
picrate showed no depression of the melting point. 

A portion of the purified picrate was converted to the chloride. This 
on crystallization from 95 per cent alcohol melted at 243-246° with decom- 
position. A mixture with an authentic sample of betaine chloride (m.p. 
243-246° with decomposition) showed no depression of the melting point. 


CsH;,NO:-HCl. Calculated, N 9.12; found, N 9.33 


Identification of Choline—The alkali-insoluble reineckate (1.65 gm.) was 
dissolved in 50 ml. of the aqueous acetone and converted to the chloride. 

The chloroaurate was prepared from the chloride and after three crystal- 
lizations from water melted at 245-248° with decomposition. A mixture 
with choline chloroaurate (m.p. 244-245° with decomposition) melted at 
246-247° with decomposition. 


CsH1u.NO-AuCh. Calculated, Au 44.50; found, Au 44.57 


Identification of Homarine—The reineckate obtained from the acidified 
methanol eluates (10.7 gm.) was converted to the chloride. A portion of 
the chloride was converted to the picrate (m.p. 159-161°). The melting 
point of the mixture with homarine picrate (m.p. 159-161°) showed no de- 
pression. The remainder of the chloride was coverted to the chloro- 
platinate (m.p. 191—-193° with decomposition). 


(C;H:;NO:)2-H2PtCls. Calculated, Pt 28.53; found, Pt 28.16 


Identification of Bases Found in Filtrate and Eluate after Ion Exchange 
of Crude, Mussel Liver Extracts on Barium Decalso; Identification of Betaine 
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in Filtrate—The filtrate and washings from an ion exchange preparation 
on barium Decalso were concentrated and made alkaline with NH,OH. 
Treatment with a freshly prepared saturated solution of Reinecke salt gave 
no immediate precipitate. The solution was acidified with HCl, and the 
reineckate which precipitated was converted to the chloride. The base was 


identified as betaine from the picrate (m.p. 181—183°) and the analysis of the 
chloride. 


CsHiNO:-HCl. Calculated, N 9.12; found, N 9.27 


Identification of Choline in Eluate—An eluate obtained from an ion ex- 
change preparation on barium Decalso was dissolved in a saturated, aqueous 
solution of ammonium reineckate diluted with an equal volume of acetone. 
The solution was concentrated to half volume and the insoluble reineckate 
collected. All of the poison remained in the filtrate. The reineckate was 
decomposed and the chloroaurate prepared (m.p. 245-247° with decom- 
position). The mixture with choline chloroaurate (m.p. 246-248° with de- 
composition) melted at 245-248° with decomposition. 


CsHisNO-AuClhy. Calculated, Au 44.50; found, Au 44.47 


Identification of Bases Found in Acid Filtrate and Acidified Methanol Elu- 
ate after Chromatography of Decalso Eluate on Norit A; Identification of 
Choline in Acid Filtrate—The primary acid filtrate obtained by chroma- 
tography of a Decalso eluate on norit A was concentrated to a small volume. 
The precipitate, which formed when the solution was made alkaline with 
NH,OH and treated with Reinecke salt, was collected and dried. Acidifica- 
tion of the filtrate with HCl gave no precipitate, which indicated that no 
base of the betaine type was present. The reineckate was converted to the 
chloride and that in turn to the picrate and chloroaurate. The picrate 
(m.p. 245-247° with decomposition), when mixed with choline picrate (m.p. 
245-247° with decomposition), showed no depression in melting point. The 
analysis of the chloroaurate confirmed the identification of choline. 


CsHyNO-AuCh. Calculated, Au 44.50; found, Au 44.76 


Identification of Homarine in Acidified Methanol Eluate—The acidified 
methanol eluate obtained by chromatography of a Decalso eluate on norit A 
was evaporated and the aqueous solution of the residue was treated with 
Reinecke salt. The reineckate which formed was converted to the chloride 
and the chloride to the picrate (m.p. 158-160°). The mixture with homar- 
ine picrate (m.p. 159-161°) melted at 158-160°. 

Identification of Tyrosine in Filtrate after Ion Exchange of Mussel Liver 
Extracts—The filtrate from an ion exchange preparation was concentrated 
and the copious, flocculent mass of crystals which separated at pH 5.0 was 
collected and washed with cold water. After two crystallizations from hot 
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water, the material was dissolved in 0.1 n NaOH and centrifuged. The 
supernatant was decanted and neutralized with HCl. The precipitate was 
washed with water, dissolved in 0.1 N HCl, and centrifuged. The super- 
natant was decanted, neutralized with NaOH, and the precipitate was 
washed with water, alcohol, and ether and dried. The material was identi- 
fied as tyrosine by strongly pains ninhydrin and Millon tests and by 
elementary analysis. 


CsHyNO;3. Calculated. C 59.66, H 6.12, N 7.73 
Found. ** 69.24, ** 6.30; ** 7.49, ash 0.5 


SUMMARY 


1. Betaine, choline, homarine, taurine, and tyrosine have been isolated 
and identified in liver extracts from poison mussels. 

2. Choline and homarine, both quaternary bases, remain closely asso- 
ciated with mussel poison through the preliminary steps in its purification. 

3. An additional base has been detected by its characteristic ultraviolet 
absorption spectrum but has not been identified. 
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PARALYTIC SHELLFISH POISON 


V. THE PRIMARY SOURCE OF THE POISON, THE MARINE PLANKTON 
ORGANISM, GONYAULAX CATENELLA* 


By BYRON RIEGEL, D. WARREN STANGER, DONALD M. WIKHOLM, 
JAMES D. MOLD, ann HERMANN SOMMER 


(From the Chemical Laboratory of Northwestern University, Evanston, and the George 
Williams Hooper Foundation, University of California, San Francisco) 


(Received for publication, May 29, 1948) 


Shellfish, such as clams, mussels, and oysters, feed on marine plankton. 
At least one species of dinoflagellate, Gonyaulax catenella Whedon and 
Kofoid, has been shown by Sommer and coworkers (1) to be a source of the 
poison found in the California mussel, Mytilus californianus Conrad. The 
present investigation was carried out to determine the feasibility of collect- 
ing the plankton and extracting and concentrating the poison from this 
source for chemical studies. 

The dinoflagellate, Gonyaulax catenella, is too small to be visible to the 
naked eye. However, if the concentration of these organisms, which mul- 
tiply very rapidly under favorable conditions, approaches 1,000,000 per 
liter, a reddish brown coloration of the surface water is observed. When 
the concentration reaches 20 to 40 million cells per liter, the ocean is a deep 
rust-red by day and brilliantly luminescent by night. High concentrations 
of certain non-poisonous marine plankton organisms may also appear as 
“red water.” 

For the large scale collection, the United States Navy’ supplied a patrol 
boat equipped with two Sharples supercentrifuges adapted as clarifiers. As 
red water is easily visible from the air, the Naval Lighter-Than-Air Com- 
mand patrolled several miles of the coastline of California to find the area 
of its greatest concentration. The blimp directed the boat by radio contact 
to a spot in Monterey Bay just south of Santa Cruz and dropped smoke 
flares to locate the exact position of the red water. The boat was allowed 
to drift into the colored areas, and the surface water of the bay was pumped 
through the centrifuges. In this way the plankton was removed from 5000 
liters of sea water in a period of 3 hours. 

The plankton, which consisted mainly of Gonyaulax catenella, was de- 


* The work described in this paper was done under a contract between the Chemi- 
cal Corps, Camp Detrick, Frederick, Maryland, and Northwestern University and 
the University of California. 

1 The invaluable assistance volunteered by several branches of the United States 
Navy made this investigation possible. 
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posited as a reddish brown residue in the bowls of the centrifuges. This 
residue was suspended in 95 per cent ethanol containing 4 ml. of concen- 
trated HCl per liter. Bioassay of the suspension showed 500,000 mouse 
units of poison?:* (total solids, 40.6 gm.). The first extract of the poison 
was obtained by centrifuging. The residue was resuspended in additional 
acidified ethanol, stirred for 5 hours, and centrifuged. This process was 
repeated three times, once in the cold and twice at 70° (Table I). 

The combined extract, after decolorization with Nuchar C and removal 
of the alcohol, was purified by chromatographic fractionation on acid- 
washed norit A (2). The fraction which contained the poison was rechro- 
matographed on a column of fresh carbon. The best fraction from the 


TABLE | 
Extraction of Poison from Collection of Marine Plankton 





Extract No. Volume Poison Total solids | Toxicity 
ml. mouse units | gm. | sar _ 
1 1720 236,000 | 17.55 13.4 
2 315 16,900 | 
3 445 12,800 0.75 M3 
4 435 8,390 1.04 8.06 
5 490 <9, 760 
ee cele tee | 3405 =| ~=—-:274,000 
Combined extract reassayed 3405 285,000 18.1 15.8 
22.5 


Residue after extraction 





third chromatogram contained 31,000 mouse units and had a toxicity of 
1.65 mouse units per microgram (Table II). Only under the most favorable 
conditions would this method of collection furnish enough material for 
chemical study of the poison. 

Although marine plankton organisms serve as the primary source of food 
for all marine life, their chemistry has not been studied extensively. Am- 


21 mouse unit is that quantity of poison which, on intraperitoneal injection, 
will kill a 20 gm. mouse in 15 minutes. 

3 A second collecting expedition was made 4 days later, but the red water had been 
completely dissipated. Although the centrifuges were run for 12 hours over a 2 day 
period, less than 30,000 mouse units of poison (total solids, 41.84 gm.) were obtained. 
The collection consisted mainly of two species of Ceratium, but included other peri- 
dinians as well. It was suspended in acidified ethanol, extracted, and the combined 
extract chromatographed on acid-washed norit A. The fractions obtained were 
combined with the material from the first collection and used for the study of the 
bases found in marine plankton. 
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monia, methylamine, and trimethylamine have been isolated from fresh- 
water and sea water plants and fresh-water plankton (3). In the present 
investigation, a study was made of the bases present in marine plankton 
rich in Gonyaulax catenella. Non-toxic fractions from all of the chromato- 
grams were combined and used in this study.* Trimethylamine and choline 
were identified in the primary acid filtrate. A small amount of a base of 
the betaine type was isolated but not identified. It was shown to be 
neither betaine nor homarine. 

The acidified methanol eluate was also found to contain a base of the 
betaine type, but insufficient material prevented isolation and identifica- 
tion. 


TABLE II 


Chromatographic Fractionation of Poison from Marine Plankton 








Weight of acid- | 


Toxic fractions waked mut A | Poison Total solids | Toxicity 


gm. | muse units gm. aes = 
Starting material 289 , 000 13.2 | 21.9 
Ist fractionation 15 | 259 , 000 7.87 32.9 
2nd = 15 118,000 1.25 94.4 
3rd its | 6 
1 35 , 000 0.067 522 
2 37 ,000 0.036 | 1030 


3 31, 400 0.019 | 1650 


The identification of choline in the plankton, as well as in mussel liver 
extracts (4), indicates that the plankton may be the source of the choline 
found in the mussel liver. No attempt has been made to isolate trimethy]- 
amine from mussel liver extracts, although it may be present, since it is 
found in the plankton on which the mussel feeds. 


EXPERIMENTAL*: ® 


Chromatographic Fractionation on Norit A of Poison Extract from Collec- 
tion of Marine Plankton—The combined extract (3405 ml., 285,000 mouse 
units) was decolorized by shaking with 10 gm. of Nuchar C and filtering 
through an additional 20 gm. of the carbon on a Biichner funnel. The 
colorless filtrate (3480 ml., 319,000 mouse units) was concentrated to remove 
the alcohol. The solution (100 ml., 0.98 n HCl, 289,000 mouse units) was 
chromatographed on acid-washed norit A in the usual manner (2). 


4 All melting points were taken with a Fisher-Johns melting point apparatus and 
are corrected. 


5’ The microanalyses were done by Patricia Craig, Northwestern University. 
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Identification of Bases Found in Acid Filtrate from Chromatography of 
Poison Extract on Norit A—The acid filtrates from the three chromato- 
graphic fractionations were combined and made alkaline with NH,OH. 
Treatment with Reinecke salt furnished 0.832 gm. of alkali-insoluble rei- 
neckate. Acidification of the filtrate with HCl furnished 0.594 gm. of al- 
kali-soluble reineckate. 

Identification of Trimethylamine—The alkali-insoluble reineckate was 
dissolved in 50 ml. of a 1:1 acetone-water solution and converted to the 
chloride by treatment with equivalent amounts of AgsSO, and BaCh. A 
few drops of the solution were treated with 2 ml. of 20 per cent KOH solu- 
tion. The characteristic odor of trimethylamine was noted. The remain- 
der of the solution was evaporated in a flask containing 1.0 gm. of washed 
seasand. The residue was extracted with five 25 ml. portions of hot chlo- 
roform in which trimethylamine hydrochloride is soluble. The water-sol- 
uble fraction obtained by extracting the sand mixture with water weighed 
256.4 mg. 

The chloroform-soluble fraction (6.4 mg.) was treated with gold chloride 
solution. The analysis of the gold salt obtained on concentration agreed 
with that calculated for trimethylamine chloroaurate. 


C;:HsN-HAuCly. Calculated, Au 49.41; found, Au 48.91 


Identification of Choline—The water-soluble residue was treated with gold 
chloride solution and the chloroaurate which formed was purified by several 
crystallizations (m.p. 239-241° with decomposition). A mixture with cho- 
line chloroaurate (m.p. 243-244° with decomposition) melted at 241—243° 
with decomposition. The analysis for gold agreed with that for choline 
chloroaurate. 


C;H,,NO-AuCl,. Calculated, Au 44.50; found, Au 44.34 


The chloroaurate which remained after analysis was decomposed with 
0.5 gm. of finely divided silver and the base converted to the picrate. Small 
needles (m.p. 238-240° with decomposition) were characteristic of choline 
picrate. A mixture with an authentic sample of choline picrate (m.p. 243- 
246° with decomposition) melted at 238-242° with decomposition. 

Isolation of Unidentified Base—The alkali-soluble reineckate was con- 
verted to the chloride (234.5 mg.). A chloroaurate was prepared and puri- 
fied by crystallization (m.p. 191-194° with decomposition). The gold con- 
tent was somewhat less than that calculated for betaine chloroaurate. 


CsH,,NO2-HAuCly. Calculated, Au 43.14; found, Au 42.37 


The mother liquors from the precipitation and recrystallization of the 
chloroaurate were treated with finely divided silver to convert any bases 
present to the chloride. A picrate was prepared which melted at 156-158°. 
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Crystallization from alcohol yielded fine needles (m.p. 154-158°); betaine 
picrate melts at 181-183°, and homarine picrate at 159-161°. A mixture 
with homarine picrate lowered the melting point to 135-137°. Found, N 
15.30. 


SUMMARY 


1. It was demonstrated that large scale collections of marine plankton 
may be made by the use of supercentrifuges. 

2. A collection of marine plankton rich in Gonyaulax catenella was made 
in this manner and the poison was obtained by extraction. 

3. Concentration of this poison by chromatography on acid-washed norit 
A furnished a fraction with a toxicity of 1.65 mouse units per microgram. 

4. Choline and trimethylamine have been identified as two of the bases 
present in marine plankton. 

5. A third base has been isolated but not identified. 
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THE AMOUNT OF COPPER BOUND BY PROTEIN IN THE 
BIURET REACTION* 


By JOHN W. MEHL, EVA PACOVSKA, ann RICHARD J. WINZLER 


(From the Department of Biochemistry and Nutrition, University of Southern Cali- 
fornia School of Medicine, and the Los Angeles County General 
Hospital, Los Angeles) 


(Received for publication, May 29, 1948) 


In the course of a previous study of the biuret reaction (1) it occurred to 
us that the spectrophotometric data could be used to measure the amount of 
copper bound by the protein in the formation of the complex ion in this re- 
action. Such measurements would be of interest in establishing the struc- 
ture of the complex (2), and are also required in order to evaluate the ex- 
tinction coefficient of the copper-protein complex. Although the desired 
information can be obtained from the spectrophotometric data alone, it was 
felt that a more direct measure of the copper concentrations would be de- 
sirable. We have, therefore, combined spectrophotometrie and _polaro- 
graphic data in much the same way that Borsook and Thimann (3) com- 
bined spectrophotometric and electrode potential data in their study of the 
combination of copper with amino acids. 


Methods and Materials 


Proteins—Human serum albumin (Fraction V) and human serum y- 
globulin (Fraction II) were obtained from the Department of Physical 
Chemistry, Harvard Medical School.’ 

Bovine serum albumin (Fraction V) and bovine serum y-globulin (Frac- 
tion II) were obtained from the Armour Laboratories, Chicago. Dialyzed 
stock solutions of the albumins were prepared in distilled water, and stock 
solutions of the globulins were prepared in, and dialyzed against, 1 per cent 
NaCl. Concentrations of the stock solutions were determined both by 
drying to constant weight at 105° and by nitrogen determinations. 

Solutions for Study—The solutions were made with a fixed concentration 
in the case of each protein. Stock solutions of NaOH and ethylene glycol 
were added to give the desired final concentration. The ethylene glycol 
was purified by distillation at atmospheric pressure. The reducing sub- 
stances appear to polymerize and remain in the residue. The copper con- 


* Presented before the Thirty-first annual meeting of the Federation of American 
Societies for Experimental Biology at Chicago, May, 1947. 

1 These materials were prepared under contract, recommended by the Committee 
on Medical Research, between the Office of Scientific Research and Development and 
Harvard University. 
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centration was varied by adding increasing amounts of a stock solution of 
CuSQ,. All concentrations were made to contain the indicated number of 
gm. of protein, copper, NaOH, or ethylene glycol per 100 ml. of solution. 
All solutions were allowed to stand for at least 1 hour before measurements 
were made. 

Spectrophotometric Measurements—A Beckman, quartz, photoelectric 
spectrophotometer with 1.00 em. Corex cells was employed. 

Polarographic Measurements—A Sargent Heyrovsky polarograph was 
employed. It was found that satisfactory current-voltage curves could be 
obtained for copper in the presence of protein and concentrated NaOH, but 
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GM. COPPER 
Fic. 1. Optical densities at 540 my of solutions of copper in 15 per cent NaOH as a 
function of the copper concentration in gm. per 100 ml. (@), and the same in the 
presence of human serum albumin at a concentration of 0.0882 gm. per 100 ml. (0). 





not when ethylene glycol was also present. This might be related to the 
tendency of ethylene glycol to develop reducing substances. The copper 
concentrations were calculated from the ratio of the limiting current to that 
observed with a known copper concentration in the same concentration of 
NaOH, the limiting current being proportional to the copper concentra- 
tion. 


Results 


Spectrophotometric Measurements—Sample data for human albumin at 
540 my are given in Fig. 1. As indicated in the previous publication (1), 
the optical density increases linearly with increasing copper concentration 
in the region of protein excess. When the copper is in excess, the optical 
density again increases in a linear fashion. It will be noted, however, that 
this second slope is somewhat greater than that for copper alone. Except 
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f for intermediate portions of the curve, then, the optical densities of these 
f solutions can be represented by two intersecting straight lines. In the 
: TABLE I 
S Effect of Increasing Copper on Optical Density of Protein Solutions, with and without 
‘ Ethylene Glycol 
Cc | | Intercept 
Protein a | ee ae | | fe) oo 
iS | Ce | density 
wi - —_ | gm. per 100 | gm. ” 100 | | gm. per 100 | | gm. per = 
it | ml. ml. | ml. | | 100 ml. 
Bovine albumin) 0.0767 | 5 0 | 25.2 0.218) 3.28 | 0.0100 | 0.252 
| 15 0 | 25.2 | 0.218) 3.28 | 0.0100 | 0.252 
5 | 2 | 22.5 | 0.187} 3.48 | 0.0099 | 0.222 
| 15 | 2 | 23.5 | 0.193! 3.56 | | 0.0097 0.228 
Bovine globu- | 0.0749 | 5 | 0 | 23.0 | 0.219) 3.82 | | 0.0113 | 0.237 
lin (y-) | 15 0 | 22.5 | 0.210) 3.58 | 0.0111 | 0.250 
| | 5 2 20.8 | 0.185) 4.10 | 0.0111 0.230 
| |} 15 2 20.8 | 0.185) 3.72 | 0.0108 | 0.225 
Human albu- | 0.0882 | 15 0 26.3 | 0.258) 3.54 | 0.0115 | 0.303 
min | 5 2 23.2 | 0.227| 3.68 | 0.0117 | 0.272 
Human globu-| 0.0840 | 15 0 22.5 | 0.228 3.48 | 0.0120 | 0.270 
lin (y-) 5 2 | 20.1 | 0.202) 3.64 | 9. 0122 | 0.245 











TABLE II 
Copper Bound by Bovine Albumin 
Bovine albumin, 0. 0767 gm. per 100, ml.; NaOH, 15 gm. per 100 ml. 








sa —— data | Spectrophotometric data weseus 
A be. ae ______ | Protein per u)s (Prot) s* 
the ) Total copper : pho! Madi. 
aye Free copper Es “protein Free protein mii abate 
7 gm. per 100 ml. gm. per 100 ml. gm. per 100 wall | page per 100 sal. ou. per 100 ml. | is gm. _ 
= 0.005 0.00056 0.00444 | 0.036 | 0.041 8.0 6.4.x 10° 
er 0.008 0.00076 0.0072 0.057 0.020 7.8 | 2.7 xX 10 
1at 0.0100 0.00112 0.089 | 0.068 0.009 7.7 «| 1.4 X% 10-4 
of 0.0150 0.0048 | 0.0102 0.073 0.004 7.2 (3 314 
me 0.0200 0.0093 0.0107 | 0.076 0.001 Tr | 
0.0300 0.0188 | 0.0112 0.0767 6.8 | 
0.0500 0.0388 | 0.0112 _ 0.0767 1 ee 
0.0550 | 0.0438 | 0.0112 | 0.0767 | 6.8 | 
at * (Free copper x fiee protein)/ (combined weekeln), 
a 
1), interest of brevity, we are reporting only the constants which charac- 
ae terize these two linear functions at 540 mu: region of protein excess, optical 
ica 


ie | density = k,(Cu); region of copper excess, optical density = k, + k;(Cu). 
a 


' The values of these constants are given in Table I. 
ep 











16 CU BOUND IN BIURET REACTION 


It will be apparent that the curve for solutions which do not contain pro- 
tein should be optical density = k, + k3(Cu). In this case k, = 0, and in 
any of the solutions employed k; = 3.03 + 0.03. The fact that k; is greater 


TaB_e III 
Copper Bound by Bovine Globulin 
Bovine globulin, 0.0749 gm. per 100 ml.; NaOH, 15 gm. per 100 ml. 


Polarographic data Spectrophotometric data ; ; 
Total copper , ar Protein per ( a £ (Prot)y 
Free copper yoy pot Free protein ii —_ 
gm. per 100 ml. | gm. per 100 wks gm. per 100 ml. gm. per 100 ml. gm. per 100 ml. gm. 
0.005 0.00021 0.00479 0.0306 0.0444 6.4 3.0 < 10-* 
0.008 0.00065 0.00735 0.0496 0.0204 6.8 ot Io" 
0.010 0.00107 0.0089 0.062 0.013 R, 2.2 X 10 
0.015 0.0043 0.0107 0.071 0.004 6.7 2.2 X 10-* 
0.020 0.0083 0.0117 0.073 0.002 6.3 
0.025 0.0135 0.0115 0.075 6.5 
0.030 . 0.0178 0.0122 0.075 6.2 
0.040 0.0264 0.0136 0.075 5.5 
5.6 


0.050 § 0.0365 | 0.0135 0.075 





TABLE IV 
Copper Bound by Human Albumin 
Human albumin, 0.0882 gm. per 100 ml.; NaOH, 15 gm. per 100 ml. 
Polarographic data | Spectrophotometric data | 


Total copper | Protein per| (Cu)s (Prot)s 





' | | | 
| Free copper | oe | a Free protein N8 ti sabia 

em. per 100 ml. ! gm. per 100 ml. gm. per 100 ml. | gm. per 100 ml.| gm. per 100 ml.| gm. | 

0.0050 0.00049 | 0.00451 | 0.0400 0.048 | 8.9 | 5.9 Xx 107 
0.0080 0.00049 | 0.00751 | 0.060 0.028 | 8.1 | 2.3 x 10° 
0.0100 0.00099 | 0.00901 | 0.072 0.016 | 8.0 | 2.2 x 10+ 
0.0150 0.00346 | 0.0115 | 0.085 0.003 | 7.4 | 1.1 x 10° 
0.020 0.0079 | 0.0121 | 0.086 0.0022 | 7.1 

0.025 0.0118 | 0.0132 0.087 0.001 | 6.6 

0.030 0.0168 | 0.0132 | 0.088 | @2 

0.040 0.0262 | 0.01388 | 0.088 6.4 

0.055 0.0400 | 0.0150 | 0.088 5.9 


than this in all of the solutions containing protein indicates that copper 
combines with protein in increasing amounts after the first complex is 
formed. | 

The values for copper concentration and optical density given under the 
heading “Intercept” in Table I are the values at the intersection of the 
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two linear components of each curve of optical density versus copper con- 
centration, and represent the values for the completely saturated primary 
complex. 

Polarographic Data—These data are given in Tables II to V. In Fig. 
2, the bound copper, (total) — (free), is plotted as a function of the free 
copper. This latter method was employed to extrapolate the bound copper 
to zero copper concentration in order to eliminate the effect of the secondary 
binding of copper at higher copper concentration. 


TABLE V 
Copper Bound by Human Globulin 
Human globulin, 0.0840 gm. per 100 ml.; NaOH, 15 gm. per 100 ml. 


Polarographic data Spectrophotometric data tease 
. lee Protein per, (Cu)s (Prot) 
Total copper Pe R's 4 
: : gm. copper (Prot). 
Free copper Combined Combined Free protein ve 


copper protein 


3 


gm. per 100 ml. | gm. per 100 ml. gm. per 100 ml.| gm. per 100 ml. gm. per 100 ml. 


0.005 0.00023 0.00477 0.0318 0.0522 6.7 3.8 X 10-4 
0.008 0.00027 0.00773 0.055 0.029 7.1 1.4 X 10 
0.010 0.00032 0.0097 0.068 0.016 7.0 0.74 X 10-4 
0.015 0.00316 0.00118 0.079 0.005 6.7 1.8 X 10 
0.020 0.0069 0.0131 | 0.082 0.002 6.3 
0.025 0.0135 0.0115 | 0.080 0.004 6.9 
0.030 0.0158 0.0142 | 0.084 5.9 
0.040 0.0244 0.0156 | 0.084 5.4 
0.055 0.0383 0.0167 | 0.084 5.0 
DISCUSSION 


The results of these measurements may be considered most satisfactorily 
in terms of the hypothesis that the biuret reaction is characterized by the 
formation of a complex ion in which each atom of copper is bonded to 4 
peptide nitrogens (2). The specific extinction, based on the copper con- 
centration, would then be expected to be the same for all proteins. This 
value, k; of Table I, is of the same order of magnitude in the cases examined 
and is not influenced by the NaOH concentration in the range studied. It 
does, however, depend upon the nature of the protein and is uniformly 
reduced about 10 per cent in the presence of 2 per cent ethylene glycol. 
The dependence upon the nature of the protein suggests that the proposed 
structure of the complex ion is either not entirely correct, or that the ex- 
tinction is somewhat dependent upon the nature of the amino acids in- 
volved in the formation of the peptide bonds. 

The amount of copper bound by the protein may be calculated in several 
ways. ‘The intersection of the two curves obtained spectrophotometrically 
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and characterized by k; and by kz and kz may be employed. ‘lable I shows 
that this value is independent of the ethylene glycol and NaOH concentra- 
tions. It is, then, possible to calculate an average value for the quantity 
of each protein bound by 1 gm. of copper from the spectrophotometric data 
alone. A similar calculation may be made from the polarographic data 
alone. As indicated in Fig. 2, the bound copper may be plotted against the 
free copper, and the limiting straight line at high copper concentration 
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Fic. 2. The concentration of combined copper, calculated from the total copper 
concentration and the free copper determined polarographically as a function of the 
free copper concentration. Human serum albumin, 0.0882 gm. per 100 ml.; human 
y-globulin, 0.0840 gm. per 100 ml.; bovine serum albumin, 0.0767 gm. per 100 ml.; 
bovine y-globulin, 0.0749 gm. All solutions contain 15 gm. of NaOH per 100 ml. 
The copper concentration is in gm. per 100 ml. 





extrapolated to the value for the bound copper at zero free copper concen- 
tration. Finally, the two sets of data may be combined, by using the differ- 
ence between total and free copper as determined polarographically to 
calculate the combined copper. The combined protein at the same total 
copper concentration can be calculated by multiplying the total protein 
concentration by the ratio between the observed optical density and the 
optical density calculated from k, and k;. At each total copper concentra- 
tion, then, the gm. of protein per gm. of copper in the complex can be cal- 
culated. These calculations are given in Tables II to V. 

The average residue weights obtained by dividing the amount of protein 
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per gm. atom of copper by 4 are given in Table VI. They are compared 
with the average residue weights calculated from the amino acid analysis 
by Brand (4). The agreement appears to be good enough to justify the con- 
clusion that 4 peptide bond nitrogens are bonded to each copper atom in the 
complex ion of the biuret reaction. Differences between the extinction co- 
efficients for different proteins can, then, be most probably attributed to the 
influence of the nature of the amino acids making up the peptide bonds. 
Some preliminary studies of gelatin support this view. 

The second point of interest relates to the evidence for a secondary copper 
binding, probably by groups other than peptide nitrogens. As judged by 
the values of k; in Table I, this second effect is least with bovine albumin, 
and increases in the order of human globulin, human albumin, and bovine 


TaBLeE VI 
Average Residue Weights* 


Protein Spectropho- Polaro- Combined Analytical, 


| tometric graphic Brand (4) 
BOViNG SIDWNINS ... 0.10505 cose a ees | 123 111 121 119 
OO QR IOUOUIES 35 cr co cat ee ae 108 113 106 
Pe AIR 5 5s ATE ee 121 117 132 | 119 


y-BlODUNY. once. eee 110 | il | 111 





* Protein per gm. atom of copper divided by 4. 


globulin. The polarographic data in 15 per cent NaOH give rates of in- 
crease of copper bound per gm. of protein for each 0.1 gm. increase in cop- 
per concentration of essentially 0, 0.15, 0.09, and 0.12 gm. for bovine al- 
bumin, human globulin, human albumin, and bovine globulin when copper 
is in excess. The data do not justify any attempt to interpret differences 
between proteins, but they do provide an explanation for the failure of the 
relation between protein concentration and extinction to follow Beer’s 
law under all circumstances (1). Although the biuret complex may be 
readily saturated with copper, and its absorption presumably would obey 
Beer’s law under the conditions generally employed, the amount of the 
second type of complex formed will depend upon the relative proportions 
of “free”? copper and protein in the solution and will be relatively less at 
higher protein concentrations when more copper is used up in forming the 
biuret complex. 

The order of magnitude of the dissociation constant of the biuret complex 
may also be obtained from these data. Although it represents an over- 
simplification, the dissociation may be written 


Copper-protein $ copper + protein 
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If we express the concentrations of both the complex and the protein in 
gm. per 100 ml., the concentration units will cancel, and (Cu) may be ex- 
pressed in moles per liter. The dissociation constants calculated in this 
way are given in the last columns of Tables II to V. 

Several general points bearing on the use of the biuret reaction in protein 
determinations may also be mentioned. It appears that the quantitative 
value of the extinction coefficient is not simply a function of the number of 
peptide bonds available in different proteins. Except for simplicity, the 
biuret method offers no particular advantage over other colorimetric meth- 
ods for the determination of protein concentrations, since standards must be 
determined for each protein used. The magnitude of this difference is 
indicated by differences between values of ki, since k, represents the speci- 
fic extinction related to copper concentration and hence to the peptide bond 
concentration. Human albumin and globulin, for example, differ by 15 per 
cent. It will benoted that the extinction coefficients for human albumin and 
globulin in 5 per cent NaOH and 2 per cent ethylene glycol are consider- 
ably higher than the values previously reported for mixed plasma proteins 
(1). These higher values have also been obtained with fresh human plasma. 
Although we have not reinvestigated the point, we feel more inclined to 
attribute the differences to some change in stored, liquid plasma used in the 
earlier study than to an analytical error. Finally, there does not seem to 
be any reason to prefer the use of ethylene glycol and lower NaOH concen- 
trations to the use of higher concentrations of NaOH alone, as suggested by 
Kingsley (5), in biuret reagents for quantitative protein determinations. 


SUMMARY 


1. The extinction coefficients of solutions of human and bovine albumin 
and y-globulin have been measured in alkaline solutions as a function of 
increasing copper concentration. 

2. The free copper concentration has also been determined polaro- 
graphically. 

3. Average residue weights, calculated from these data on the assumption 
that each atom of copper binds 4 peptide nitrogens, are 118 for bovine al- 
bumin, 109 for bovine y-globulin, 123 for human albumin, and 111 for 
human y-globulin. 

4. It is pointed out that the data demonstrate additional binding of cop- 
per which is less strong and probably involves different groups from those 
concerned in the biuret reaction. 

5. The relation of these findings to the use of the biuret method in the 
quantitative determination of proteins is discussed. 
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THE EFFECT OF CERTAIN SULFONAMIDES UPON 
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The extensive use of microbiological procedures for the determination 
of vitamins is well known. Although most of these methods have rather 
general applicability, it is possible that the conditions of a particular 
experiment might require alteration of the medium in order to insure its 
adequacy for the samples being analyzed. Such a situation might well 
arise in connection with the Lactobacillus arabinosus assay for nicotinic 
acid in the presence of sulfonamides (1). The importance of this fact is 
appreciated when one considers that the administration of sulfonamides, 
which cause a decrease in the synthetic activity of the intestinal flora, 
has become a commonly used and valuable means of studying the require- 
ments for certain vitamins (2). Studies of this type often include fecal 
vitamin analyses (3-7) for which, in many instances, microbiological 
procedures are employed. Since the sulfonamide employed in such an 
investigation is generally chosen for its slow absorption and high bac- 
teriostatic activity (7), its presence in the feces is assured and its possible 
effect upon the assay organism must be considered. According to the 
level of sulfathalidine administered to cows in a recent study at this 
Experiment Station, as much as 5 mg. of this compound might be present 
per gm. of feces, which would result in at least 0.5 mg. per sample taken 
for microbiological assay. It is possible that considerably higher con- 
centrations might occur in other similar experiments. A study of this 
problem in connection with the Lactobacillus arabinosus assay for nicotinic 
acid has shown that within certain limits the sulfonamide effect varies 
with the amount of nicotinic acid present and, as was previously demon- 
strated by Teply et al. (1), can be prevented by the inclusion of additional 
p-aminobenzoic acid in the basal medium. 


EXPERIMENTAL 


This study was primarily concerned with a determination of the extent 
to which the presence of sulfonamides in assay samples might affect the 
* Published with the permission of the Director as Scientific Contribution No. 121 
of the New Hampshire Agricultural Experiment Station. 
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accuracy of microbiological determinations of nicotinic acid. The com- 
monly used assay procedure of Snell and Wright (8) as modified by Krehl, 
Strong, and Elvehjem (9) was followed with the exception that final read- 
ings were made by determination of pH (10) rather than by titration. In 
this method the final results of an assay are obtained by reference to a 
standard curve which represents the acid production by Lactobacillus 
arabinosus when incubated at 35° for 72 hours in the presence of graded 
amounts of nicotinic acid. Since it was believed that the intensity of any 
sulfonamide effect encountered might vary with the nicotinic acid level, 
determinations were made in the presence of varying concentrations of 
this vitamin. The concentrations employed were 0.0, 0.1, 0.2, 0.3, and 
0.4 y per assay tube and were sufficient to cover the range used in preparing 
the standard assay curve. With each concentration of sulfonamide the 
pH of the assay tube containing no nicotinic acid was found not to differ 


TABLE I 


Acid Production by Lactobacillus arabinosus in Presence of Sulfanilamide 
The recorded values are pH readings. 











| pike 
Sulfanilamid 
Nicotinic acid | Seats ee Se aE ee ee OR jae ee ee eee aed 
| 2.0 mg. 4.0 mg. 6.0 mg. | 8.0 mg. 10.0 mg. 
7 | ; 
0.0 |} 6.10 5.07 §.11 5.11 §.11 5.11 
0.1 4.53 4.50 4,49 4.51 4.52 4.50 
0.2 4.31 4,28 4.26 4.30 4,28 4.26 
0.3 | 4.16 | 4.14 4.12 4.18 4.16 4.28 
0.4 4.06 | 4.06 4 4.32 


a 4.27 4.29 


significantly from the corresponding sample of the standard curve. It was 
therefore concluded that the sulfonamides themselves did not affect 
the pH readings. The sulfonamides studied were sulfanilamide, sulfa- 
pyridine, sulfathalidine, and sulfadiazine, and their concentrations likewise 
were varied in carrying out the assays. 


RESULTS AND DISCUSSION © 


The results obtained when determinations were carried out in the 
presence of varied sulfonamide concentrations are presented in Tables I 
to IV. These data show that sulfonamides, if present in sufficient con- 
centration, retard acid production by Lactobacillus arabinosus. The 
sulfonamide effect was greatest, and manifested itself at the lowest con- 
centration, in those tubes which contained the greatest amount of nicotinic 
acid. In all cases there was a direct relationship between this effect and 
the nicotinic acid concentration. This direct proportionality is readily 
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explained when one considers that the concentration of p-aminobenzoic 
acid (PABA) was constant throughout all determinations. It has been 


TABLE II 


Acid Production by Lactobacillus arabinosus in Presence of Sulfapyridine 

The recorded values are pH readings. 
: " esac 

| Sulfapyridine 


Nicotinic acid | Standard PEP ety Lar eli ate EE at 
} curve 
2.0mg. | 40mg. | 60mg. | 80mg. | 10.0mg. 
. | | 
0.0 §.11 | 5.08 §.14 5.14 §.12 5.13 
0.1 4.58 | 4.53 4.56 4.54 4.53 4.71 
1 4 4.34 4.28 4.34 4.32 4.52 4.78 
0.3 4.24 4.21 4.24 4.22 4.44 4.83 
0.4 | 4.05 4.09 4.31 4.38 4.83 4.91 
TABLE III 


Acid Production by Lactobacillus arabinosus in Presence of Sulfathalidine 
The recorded values are pH readings. 


| Sulfathalidine 





| | 
Nicotinic acid | _——— See be a ae eee ee ee a ee ——— 
| 2.0 mg. | 4.0 mg. 6.0 mg. | 8.0 mg. 10.0 mg. 
, See | we | 
0.0 5.40 5.43 5.44 5.40 5.37 5.41 
0.1 4.65 4.63 4.67 4.64 4.66 4.64 
0.2 4.36 4.36 4.39 4.36 4.60 | 4.58 
0.3 4.21 | 4.22 4.29 4.34 4.37 4.41 
0.4 4.09 4.12 4.40 4.40 4.44 
TABLE IV 


Acid Production by Lactobacillus arabinosus in Presence of Sulfadiazine 
The recorded values are pH readings. 


Sulfadiazine 


Ninetings ned | CO Ee ee — 
| curve | 
| 20mg. | 4.0 mg. 6.0mg. | 80mg. | 10.0 mg. 
i | 
0.0 | 5.42 | 5.42 5.37 5.44 5.38 | 5.42 
0.1 | 4.71 | 4.73 4.71 4.76 4.68 | 4.70 
Q.:2 4.39 | 4.41 4.34 4.37 4.37 4.52 
0.3 4.26 | 4.26 4.26 4.22 4.36 4.40 
0.4 


4.12 | 4.11 4.08 4.32 4.30 4.39 


shown (11) that PABA is necessary for optimal acid production by Lacto- 
bacillus arabinosus. Furthermore, it has been established that the anti- 
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bacterial activity of sulfanilamide, and other related compounds, is due to 
an inhibition of PABA utilization (12). It is apparent, therefore, that a 
definite amount of PABA would be more nearly completely used up in 
those samples containing high concentrations of nicotinic acid, in which, 
consequently, growth of the organism was profuse. Conversely, in those 
samples in which growth of the organism was restricted by a decreased 
nicotinic acid concentration, the PABA present was less rapidly used up 
and, therefore, more sulfonamide was required to inhibit its function. It 
appears entirely logical to believe that this situation is not peculiar to 
nicotinic acid, but rather that it would be effected by any other factor, 
the restriction of which inhibits growth of the organism and the production 
of acid. 


TABLE V 


Effect of PABA on Suppression of Acid Production Caused by Sulfathalidine 
The recorded values are pH readings. 


10 mg. sulfathalidine per tube 


Nicotinic acid Standard curve | Added PABA 

No PABA = —- 
| 10 100 y 

| a a | 

7 | 

0.0 5.52 | 5.48 5.48 5.52 
0.1 4.58 4.58 4.61 4.60 
0.2 4.29 4.40 4.32 4.31 
0.3 15 4.42 4.17 4.17 
0.4 4.08 | 4.24 4.11 4.10 


The degree of inhibition of acid production is not the same for all com- 
pounds studied. This is in agreement with the established fact that 
sulfonamides differ in their antibacterial activity. Thus it is seen that the 
least effective compound is sulfanilamide. Under the conditions of this 
experiment both sulfathalidine and sulfapyridine were considerably more 
effective in inhibiting acid production, while the effect of sulfadiazine was 
intermediate. These differences are most marked under conditions of 
nicotinic acid restriction, while the amount required to inhibit acid produc- 
tion in the presence of the highest concentration of this vitamin is ap- 
proximately the same in all cases. 

The data of Table V are in agreement with the previously established 
(1) fact that the sulfonamide effect can be overcome by increasing the 
concentration of PABA in the medium. At the three highest nicotinic 
acid levels the pH readings definitely indicate decreased acid production 
in the presence of 10 mg. of sulfathalidine. Addition of as little as 10 
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of PABA, however, results in pH readings which agree favorably with 
those of the standard curve. 

Because of difficulty in effecting solution in some cases, particularly 
when the higher concentrations were used, it is not possible, from the 
present data, to establish absolute mathematical relationships between the 
various sulfonamides. However, the results reported herein represent 
conditions as they would occur if such compounds were present in an assay 
sample and indicate that the determination would be unaffected by the 
presence of as much as 2 mg. of the sulfonamide. In the presence of 
greater sulfonamide concentrations, the addition of an appropriate quantity 
of PABA to the medium will result in satisfactory assays. 


SUMMARY 


In the microbiological assay for nicotinic acid with Lactobacillus arabin- 
osus, results are not affected by the presence of as much as 2 mg. of sul- 
fanilamide, sulfapyridine, sulfathalidine, or sulfadiazine if the medium 
contains 0.2 y of PABA per ml. Higher concentrations of the sulfon- 
amides inhibit acid production by the organism, and this inhibition, 
within certain limits, varies with the level of nicotinic acid. This sulfon- 


amide effect can be prevented by increasing the amount of PABA in the 
basal medium. 
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The specific varieties of the most important food plants which are grown 
today were obtained through careful selection and breeding. Breeding 
experiments have demonstrated that the protein content of seed crops is 
subject to variation, and therefore suggest the possibility that the nutri- 
tional quality of seed proteins might be influenced by breeding. A change 
in distribution of the essential amino acids, as a result either of the produc- 
tion of different proteins or of variation in the relative proportions of the 
individual proteins in the seeds of different varieties, could definitely alter 
the nutritive value of the total seed protein. 

Investigations with different strains of soy beans have demonstrated con- 
siderable variation in the total protein content of the seed. Cartter and 
Hopper (1) examined ten varieties and found protein values ranging from 
36.6 to 53.2 per cent. Less extreme variations in the protein content within 
a given strain as a result of environmental factors have also been observed 
(1-6). Since soy bean culture is limited to a small group of select varieties 
which are grown principally in the corn belt states and are commonly pooled 
in the processing of the seed for oil and meal production (7), variations 
which result from environmental conditions probably have little effect on 
the protein content and composition of commercial soy bean meals. How- 
ever, in view of the wide variation noted in protein content among different 
strains of soy beans one might expect significant variations to occur in 
amino acid composition of different strains. Csonka and Jones (8) re- 
ported variations in the cystine, tryptophan, and tyrosine content of soy 
bean seeds of six varieties in 1934 and suggested that “varieties should be 
selected for planting which produce more and better quality protein from 
the nutritional standpoint.” 

Doty et al. (9) have recently reported analyses of corn single crosses for 
tryptophan, tryrosine, cystine, arginine, and histidine and have concluded 

* This investigation was supported by a grant from The Procter and Gamble 
Company. 
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that the amount of these amino acids in the corn protein is related to the 
genetic constitution of the plant. 

Microbiological methods of assay for the essential amino acids can now be 
conveniently applied to this problem. A study was therefore made of the 
essential amino acid content of soy bean meals prepared from twenty 
different strains of soy beans to determine whether there may be outstand- 
ing differences in composition of nutritional importance. 


Materials and Methods 


Preparation of Soy Bean Meals—The soy bean meals analyzed in this 
investigation were prepared by The Procter and Gamble Company from 
soy beans obtained through the cooperation of the United States Regional 
Soybean Laboratory at Urbana. Carefully composited samples were pre- 
pared so that location and soil differences would cancel as nearly as pos- 
sible. The group of twenty strains includes the most promising varieties 
that are now being grown and others that are being considered for release. 

The meals were all prepared by solvent extraction under comparable 
conditions and were supplied as raw and toasted flakes. Toasting was ac- 
complished by heating the raw flakes in a steam-jacketed container at at- 
mospheric pressure for 30 minutes. ‘The temperature ranged from 21—88° 
during the first 12 minutes, 6 minutes later reached 104°, and was held be- 
tween 104—110° for 12 additional minutes. The original moisture content 
of the toasted flakes was 20 per cent; the final moisture content of the 
toasted flakes was approximately 11 per cent. 

Methods of Analysis—Microbiological methods of amino acid assay were 
employed. Valine, leucine, isoleucine, and glutamic acid were determined 
with Lactobacillus arabinosus 17-5 (10,11). Leuconostoc mesenteroides P-60 
was used to determine methionine (12), arginine, lysine, and phenylala- 
nine.' Streptococcus faecalis R was used to determine threonine, histidine 
(13), and tryptophan (14). 

Hydrolysates for tryptophan analyses were prepared with NaOH and 
cysteine as previously described (14). Acid hydrolysates used for the de- 
termination of the other amino acids were prepared by suspending | gm. 
of sample in 100 ml. of 6 N HCl and gently refluxing for 24 hours. After 
removing the excess acid by vacuum distillation, the hydrolysates were di- 
luted to 100 ml., filtered, and refrigerated. Aliquots were neutralized for 
analysis. 


RESULTS AND DISCUSSION 


Microbiological methods of amino acid analysis are particularly useful 
to the nutritionist, because they can be applied directly to the analysis of 


1 Kuiken, K. A., and Lyman, C. M., unpublished methods. 
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complex foodstuffs. Since it is not necessary to isolate specific protein 
fractions, it is possible to evaluate the total amino acid content of a food- 
stuff which contains a mixture of individual proteins in different propor- 
tions. Difficulty is experienced, however, in arriving at a satisfactory 
method of expressing analytical data for such products. If one cites the 
amino acid content of the foodstuff, he must also provide other data on 
gross composition to facilitate comparison of different samples. This can 
best be done by calculating all data to some common nitrogen basis. The 
practice of calculating to 16 per cent nitrogen has been widely used even 
though it is now recognized that the nitrogen content of most proteins is 
not 16 per cent. Glycinin, the principal protein of soy beans, contains 17 
per cent nitrogen (15). Smiley and Smith (16) found from 16.26 to 16.90 
per cent nitrogen in “‘soybean protein.” Nevertheless, the exact nitrogen 
content of the total soy bean seed protein is not known and there seems little 
value in adopting a new factor for calculating the data. An alternative 
method of expressing the data is to calculate the ratio of amino acid nitro- 
gen to total nitrogen. This avoids an empirical assumption and permits 
comparison of different samples. However, this method does not in itself 
provide a measure of the amino acid content of the sample and is not as 
useful to the nutritionist as data calculated on the crude protein basis. 
In view of these considerations, the authors have expressed all amino acid 
data in this paper in terms of 16 per cent nitrogen. 

The soy bean meals were analyzed for the ten essential amino acids and 
glutamic acid. The content of these amino acids in raw soy bean meals 
prepared from twenty different strains of soy beans is given in Table I. 
No outstanding differences in individual amino acid content were observed. 
The greatest variation occurred in methionine content, of which the highest 
value was 19 per cent above the lowest. With most of the other amino 
acids, the variations were considerably smaller. The data suggest a great 
degree of uniformity in amino acid composition of the soy bean seed, rather 
than extensive variation as suggested by the work of Csonka and Jones (8). 

Portions of a second lot of soy bean meals were toasted in order to in- 
activate the trypsin inhibitor shown to be present in raw soy beans by 
Bowman (17) and Ham and Sandstedt (18). The essential amino acid 
content of the toasted samples was compared with identical raw controls. 
As is shown in Table II, there was practically no change in amino acid con- 
tent as a result of toasting, with the possible exception of lysine. The 
average data indicate that about 5 per cent of the lysine in the soy bean 
meals may have been destroyed by the heat treatment. The observations 
with lysine were, therefore, extended to include analyses of raw and toasted 
samples of soy bean meals representing twenty-one strains of soy beans. 
The additional data (Table ITT) indicate a similar small loss of lysine which 
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would not be expected to affect significantly the nutritive value of’ the 
toasted material. However, since the difference in the mean values for the 
paired raw and toasted samples exceeded the standard error of the differ- 
ence between the two means by a factor of 5, the result is highly significant 
statistically (19). The work of other authors indicates that the lysine in 
soy bean meals can be extensively destroyed by overheating. Riesen e¢ al. 
(20) found that about 50 per cent of the lysine in a soy bean meal sample was 
destroyed by autoclaving for 4 hours at 15 pounds pressure. Evans and 
McGinnis (21) observed 30 per cent destruction of lysine in a meal that was 
autoclaved for 1 hour. 


TaBLe III 
Effect of Toasting on Lysine Content of Solvent-Eztracted Soy Bean Meals 


The values are expressed as the percentage of lysine in crude protein. 


Soy bean strain Raw Toasted | Soy bean strain Raw Toasted 
| 
Acadian 6.52 6.21 | HS 6.51 6.11 
Arksoy 6.54 6.43 | Lincoln 6.67 6.21 
A3-176 6.70 6.55 | Lincoln No. 3 6.75 6.06 
A4-107-12 6.53 6.38 | N44-92 6.70 6.18 
Chief 6.59 6.89 | N44-774 6.73 6.04 
C.N.S. 6.00 6.07 | Ogden 6.76 6.22 
Earlyana 6.74 6.23 | Roanoke 6.48 6.26 
Gibson 6.91 6.42 | 8-100 6.54 6.21 
WOME oe. wks Subts Poe Re, Bn te i 6.60 6.28 


* Composite averages + standard errors for lysine in the total of twenty-one 
samples represented in Tables II and IIT are 6.62 + 0.048 and 6.30 + 0.043 for the raw 
and toasted meals respectively. 


Recent values from the literature for the essential amino acid content. of 


soy bean meal are given in Table IV. Only values obtained by microbiolog- 


ical methods are recorded. In general, there is very good agreement with 
the values obtained in this investigation. The most striking discrepancy 
is in the methionine value reported by Stokes (23). The application of 
Stokes’ method in the authors’ hands has in general given low values for 
methionine. Lysine values reported by Stokes (23), Baumgarten (22), 
and Schweigert (24) are lower than those by Riesen (20) and the authors. 
Perhaps this is an indication of slight overheating in the samples, which 
gave low values. The authors’ data and those of Riesen refer to raw prep- 
arations. It is conceivable that lysine assays might be used to detect 
overheating of soy bean meal. The high values for tryptophan reported 
by the present authors were obtained by an improved method of hydrolysis 
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(Kuiken eé al. (14)). It is evident that soy bean meals sampled in- 
dependently tend to have identical amino acid composition. 

The relatively small variations in the content of the individual amino 
acids in the protein of the different varieties of soy beans is paralleled by 
the authors’ (26) findings with respect to cottonseed meal. Eight samples 
of cottonseed meal collected from different parts of the country were found 
to have practically the same amino acid composition when the data were 
calculated to 16 per cent nitrogen. 


TaBLe IV 
Comparison of Present Data with Recent Literature Values for Essential Amino Acid 
Content of Soy Bean Meal 
All data were obtained by microbiological methods and are expressed here as the 
percentage of amino acid in the crude protein. 


Amino acid Present paper Riesen (20) or ins Stokes (23 i 
Arginine........ tad 7.4 5.3 yes 7.3 
Histidine... 2.3 2.8 3.0 2.3 2.2 
Isoleucine. . 5.3 5.1 6.2 4.5 4.8 
Leucine. . 7.9 7.6 7.9 7.4 rips 
Lysine...... ~ 6.6 6.6 5.3 5.4 5.7 
Methionine..... 1.4 1.4 1.6 0.8 
Phenylalanine... 5.1 5.1 4.9 5.3 4.5 
Threonine...... 3.9 3.8 3.7 3.9 3.3 
Tryptophan. . 1.5 1.2 1.1 1.2 
Valine....... 5.3 5.4 5.3 4.6 5.2 


SUMMARY 


Soy bean meals prepared from twenty strains of soy beans were analyzed 
for the essential amino acids and glutamic acid by microbiological methods. 
The amino acid distribution in the crude protein of the different samples 
Was in general quite uniform. The greatest variation occurred in the case 
of methionine, in which the highest value was 19 per cent above the lowest. 

Toasting the meals as practiced by the industry in order to inactivate the 
proteolytic inhibitor of raw soy beans did not result in the loss of any amino 
acids except lysine. The loss of lysine indicated by the data was too small 
to be of nutritional significance. 
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MICROGRAM ANALYSIS: FURTHER STUDIES OF DETERMI- 
NATION OF GLUCOSE AND ITS APPLICATION TO THE 
DETERMINATION OF SUCROSE* 


By HERBERT STERN? anv PAUL L. KIRK 
‘From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, June 18, 1948) 


Commonly, microanalysis of plant sugars is conducted on a mg. scale 
(1); on the microgram level, a general method appears to be lacking. 
Some colorimetric methods suitable for determination of microgram quanti- 
ties of sugars are available, but for a combination of high sensitivity and 
good accuracy these are not very satisfactory. Anthrone, for example, has 
been used recently to determine sucrose in amounts as low as 2 y (2), but 
there is no indication by the author as to the degree of accuracy possible. 
A summary of the various color reactions for different sugars by Umbreit 
(3) indicates a lower limit in all cases of 10 y with an accuracy of +4 per 
cent. Our aim has been to make possible the analysis of sugars in amounts 
as low as 1 y, with a maximum variation for single determinations of +2 
per cent. 

Since non-reducing sugars are easily hydrolyzed to reducing ones, the 
problem is largely one of determining reducing sugar. This has already 
been solved by Heck, Brown, and Kirk (4) titrimetrically by the use of 
ferricyanide and ceric sulfate, a method inherently more accurate than 
colorimetric procedures. In the original work, however, a number of small 
factors were overlooked which nevertheless strongly limited the accuracy 
of determinations, especially at the lower limits of the method. Our pres- 
ent report deals, therefore, with these accessory points of technique and 
further describes the adaptation of the method to sucrose analysis. In an 
accompanying publication methods of extraction and separation of sugars 
from plant tissues with weights of the order of 1 mg. are discussed. 


EXPERIMENTAL 
Glucose 


Magnitude of Blank Titers—On the mg. scale the reducing power of the 
blank (potassium ferricyanide plus sodium carbonate) is relatively small 
and its exact value, therefore, is of minor importance. In the microgram 


* Aided by grants from the United States Public Health Service, the Research 
Board of the University of California, and the Royal Society of Canada. 

+ Holder of a Royal Society of Canada Fellowship, 1947-48. Present address, 
Medical School, Witwatersrand University, Johannesburg, South Africa. 
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range this is not the case; in fact, in the original studies it was found that 
often the blank titer exceeded that equivalent to 1 y of glucose. This 
disadvantage can be overcome by addition of exact amounts of oxidizing 
agent. The procedure is undesirable, however, since, apart from adding 
tediousness to the method, the total volume of the solution is increased 
due to the necessary rinsing of pipettes. The alternative, reduction in 
magnitude of blank, was therefore sought, and the factors affecting it are 
summarized below. 


TaBLe [ 
Effect of Ferricyanide Concentration on Blank Titer 


The volumes indicated were taken from a 1.5 per cent solution, equal volumes of 
4 per cent sodium carbonate added, and the mixture made up to about 200 A. These 
were titrated with 0.0089 N ceric sulfate. 


Volume of ferricyanide Ceric sulfate 


nena a en 
40 | 2.85 
25 | 1.89 
20 1.12 


10 0.60 


TABLE I] 
Effect of Sodium Carbonate Concentration on Blank Titer of 40 » of 0.8 Per Cent 
Potassium Ferricyanide 


oo 


Concentration of added carbonate Ceric sulfate 
per cent r 
2 0.84 
14 1.65 
30 2.70 
(ey 


14 + 40 4 5% HCl 


Concentration of Ferricyanide—The relation between reducing power of 
blank and amount of ferricyanide present is roughly proportional. ‘The 
results are shown in Table I. In our procedure, therefore, we replaced the 
original 1.5 per cent ferricyanide solution with one which was 0.8 per cent, 
a concentration ample for quantities as high as 12 y of glucose. Further- 
more, when the range of the unknown sugar was | to 6, it was found ex- 
pedient to add half as much oxidizing agent. 

Sodium Carbonate—Although this reagent is necessary to maintain 
alkalinity of the medium, the concentration previously used (14 per cent) 
was excessive. Sodium carbonate alone has no reducing power, but from 
Table II it can be seen that an increase in concentration of carbonate in 
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the presence of ferricyanide is paralleled by an increase in blank titer. 
It may also be noted that partial removal of carbonate by adding HCl to 
the blank before heating on the steam bath again decreases the blank 
value. Thus, since the presence of 2 per cent carbonate in the standard 
ferricyanide solution provided sufficient alkalinity, the use of 14 per cent 
sodium carbonate was discontinued. 

Age of Ferricyanide Solution—In the earlier publication (4) it was pointed 
out that aging of ferricyanide had no effect on results. This, however, 
would appear to be true only with respect to the amount of ferrocyanide 
produced in oxidation of the sugars. The blank titer itself increases with 
age of reagent. We, therefore, adopted Hassid’s procedure (1) of storing 
the reagent in the cold and usually made up a new stock solution every 
week. 

Additional Points of Technique. (a) Drying of Pipettes—The use of an un- 
filtered air-stream for drying the pipettes is to be avoided. The practice, in 
fact, was found to be a major source of error in the original work when 
frequently abnormally large blank values were obtained. It is not clear 
what, in the air, increases the reducing power of the solution, but the effect 
is eliminated either by rinsing the pipettes several times before use, or 
drying with filtered air. In standardizing our procedure, we dried only 
those pipettes used for delivering definite volumes of the sugar solutions; 
for all reagents the pipettes were first rinsed with distilled water, and then 
with the reagent itself. 

(b) Effect of Volume—In the original publication it was considered neces- 
sary to make all samples up to a standard volume (200A).' Our results indi- 
cate that the practice may be omitted. This is shown in ‘Table IIT along 
with the effects of rinsing and air-drying the pipettes. 

Reagents, Revised Method—(1) Potassium ferricyanide solution, 0.8 per 
cent, containing 2 per cent sodium carbonate. (2) Standard ceric sulfate, 
about 0.01 N (for preparation see (4)). (3) Sulfuric acid, 10 per cent by 
volume. 

Procedure—The sample containing | to 12 y of glucose is delivered to a 
micro test-tube, 3 mm. inside diameter and 35 mm. long. ‘To this are added 
40 d or less of ferricyanide-sodium carbonate reagent and the tube inverted 
and twirled until the contents are well mixed. Any liquid adhering to the 
walls may be brought down by use of an air-driven micro centrifuge.? 
The sample is heated on a steam bath for 5 minutes, and then cooled (for 
this we found convenient a metal disk punched with holes and rotating over 
a water bath into which the tubes dipped). Just prior to titration, the 

11 = 106 liter = 0.001 ml. 


2 All equipment utilized was obtained from the Microchemical Specialties Com- 
pany, Berkeley, California. 
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contents of the tube are quantitatively transferred to a porcelain dish by 
means of a long tipped capillary pipette which is paraffined on the outside. 
About 50 X of sulfuric acid are added and the contents stirred to release the 
carbon dioxide. Setopaline C is used as indicator. It is important to add 
the ceric sulfate from the capillary burette at a reasonably constant rate, 
or undue variation in titers results. Descriptions of equipment assemblies 
are found in earlier publications (5, 6). 


TaB_e III 
Effects of Volume and Pipette Drying on Analysis of Samples Containing 8 y of Glucose 


Ceric sulfate, pipette dried in 


Final volume of sample filtered air 


Ceric sulfate, pipette rinsed 


r r r 
150 24.19 24.07 
200 23.61 24.00 
250 24.14 | 23.90 
a a ec, y 23.98 23.99 
Ce eo 0.93 0.93 
23.05 23 .06 

Sucrose 


To extend the method to analysis of sucrose, the additional point of the 
procedure required, hydrolysis, may be achieved by use of dilute HC\. 
Hassid alternatively recommends the use of invertase, but this appears 
less satisfactory on the microgram scale. ‘The adjustment of pH necessary 
for optimum enzymic activity is somewhat difficult, and the enzyme itself 
contributes markedly to the blank titer. In view of the success achieved 
with acid, we consistently adhered to its use. 

Reagents—(1) Hydrochloric acid, 5 per cent solution. 1 part of concen- 
trated acid to 6 parts of water. (2) Sodium hydroxide-sodium carbonate 
solution. A solution of NaOH is adjusted in concentration until it is iso- 
normal with the HCl. Sodium carbonate is then added to a concentration 
of 10 per cent. 

Procedure—The sample of sucrose solution is delivered to a micro test- 
tube and an equal volume of HCl added. The mixture is then transferred 
for 10 minutes to a water bath maintained at 69°. With respect to time of 
hydrolysis we found little difference in values between 5 and 10 minutes. 
On completion of hydrolysis the tubes are cooled and the contents neutral- 
ized with a volume of NaOH-carbonate reagent equal to that of the HCl 


used. The addition of excess carbonate could not be avoided, since if. 
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omitted, Prussian blue would frequently develop during the oxidation 
process, presumably because of acidity of the medium. The remainder of 
the procedure is the same as for reducing sugars. 


TABLE IV 
Recovery of Sucrose 








Sucrose taken Ceric sulfate (0.0089 n) Average recovery 





7 » 
24.54 
24.32 
24.63 
24.43 

24.59 


1 


Average.......... OR 24.51 7.94 
6 | 18.65 | 
18.86 
18.84 | 
18.81 
18.68 
II. 0 scavaneaeee 18.76 6.08 
4 12.17 
12.40 
12.40 


Average A 12.32 3.99 


bho 


6.08 
6.15 
6.19 


Average........ or: 6.14 1.99 


1 3.01 
3.12 
2.98 
3.05 


MVCPIORG: cscs. 656. 3.04 0.99 


Results—The results obtained by this method are illustrated in Table IV. 
All readings represent single determinations, so that the extent of possible 
error in any determination is apparent. Our results would lead us to con- 
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clude that if the procedure outlined is rigorously followed it is possible to 
determine 1 y of sucrose with an error of +2 to3 percent. The accuracy, 
of course, increases with the larger quantity. 


SUMMARY 


Further studies of the microgram scale determination of glucose led to 
improvements in the control of the blank. 

The revised procedure was applied to the determination of | to 8 y of 
non-reducing sugar, such as sucrose. 
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MICROGRAM ANALYSIS: A SOLID-LIQUID EXTRACTOR AND 
ITS APPLICATION TO EXTRACTION OF SUGARS FROM 
PLANT MATERIALS* 


By HERBERT STERNt anp PAUL L. KIRK 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, June 18, 1948) 


In adapting methods of continuous solid-liquid extraction to the micro- 
gram range, the problem is essentially that of efficiently refluxing 75 to 
200 X' of solvent. For this at least two conditions are necessary: The bulk 
of extracting fluid at any given moment should be in the liquid state, and 
the condensation should be so arranged to deliver to the extraction cup or 
thimble sufficiently small droplets without loss to other parts of the vessel. 
The first of these requirements would hardly, be satisfied by most of the 
micro extractors described by Schneider (1) because of their relatively large 
size; the second of these becomes troublesome when an attempt is made to 
scale down the size without modification of design. In general, any type 
of hollow tube condenser, air- or water-cooled, appears undesirable, since 
the downward flow of condensate is too frequently obstructed by droplets 
trapped in the narrow tube by capillary forces. The cold finger type of 
condenser certainly appears preferable, but even so, the simple expedient of 
inserting one into a small test-tube is rendered ineffective by the trapping 
of liquid at various points between walls of condenser and test-tube. 
We found a large condensing surface within a small volume and with a 
steep temperature gradient between vessel wall and condenser to be a 
modification necessary to the successful functioning of a drop scale ex- 
tractor. Based upon this principle, the extractor described here was de- 
signed. With it 75 to 300 A of volatile solvent (alcohol or ether) could be 
refluxed for several days without appreciable loss in the volume of extrac- 
tion medium. 

In so far as the mechanics of the extractor were concerned, these could 
be observed and judged by using a variety of solvents. It was desired, 
however, in view of our interest in the metabolism of pollen mother-cells, 
to test the apparatus for extraction of microgram quantities of sugars. 
Also, in order to complete the procedure, we devised and tested means of 
filtration and evaporation of very small volumes. 


* Aided by grants from the United States Public Health Service, the Research 
Board of the University of California, and the Royal Society of Canada. 

t Holder of a Royal Society of Canada Fellowship, 1947-48. Present address, 
Medical School, Witwatersrand University, Johannesburg, South Africa. 

11 = 10-* liter = 0.001 ml. 


43 


i 
; 
; 
q 
i 
H 
i 
| 





SOLID-LIQUID EXTRACTOR 





Description of Extractor 


The essential features of the apparatus are illustrated in Fig. 1. In its 
construction it is desirable to make the supporting pegs of minimum diam- 
eter. (We achieved this by using a micro torch, fusing a droplet of glass 
at the desired point, heating the glass locally, and quickly jabbing it with 
a dissection needle.) It is also advisable to keep the total capacity of the 
reservoir bulb (including neck) to 400 X or less, if the volume of solvent to 
be used is of the order of 200. Cones of platinum or glass are equally func- 


_ 
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Fic. 1. Microgram extraction apparatus. A, extraction vessel; B, condenser 
assembly; a, nichrome wire leads connected to variable voltage transformer; b, 
extraction cup fitted with tail; c, supporting pegs; d, ground glass joint; e, air or 
vacuum outlet; f, water outlet; g, water inlet. 


tional; the tail attachment is necessary for a smooth and directed flow of 
solvent. The diameter of the condenser bulb should be as large as the 
neck of the extractor vessel will allow. The height of the air outlet we have 
not found to be critical. 


Operation of Extractor 


Heating—Our experience indicates that the use of nichrome resistance wire 
attached to a variable voltage transformer is by far the most favorable 
method of heating. Control of temperature is sensitive and easy. The 
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current can be adjusted to boil liquid without spattering (we have tried 
water, alcohol, and ether with equal success) and to any desired rate of 
droplet condensation. In fact, once the proper voltage is found, adjust- 
ments for subsequent extractions are unnecessary. With respect to the 
nichrome wrapping, it is important that only one or two coils are main- 
tained around the lower bulb, the remainder being distributed over the 
upper portion of the extraction vessel. 

Extraction Cup—The arrangement here isarbitrary. We inserted a small 
cotton plug at the base which served not only to support the tissue but also 
to control the level of liquid in the cup. By adjusting both plugging and 
heating it is possible to maintain the liquid in the cup at any desired level. 
Small filter cones were also tried and they functioned equally well. In 
both cases, the tail of the extraction cup should be so positioned that the 
droplets fall directly into the reservoir without hitting the walls. Adjust- 
ment, if necessary, is done by gentle tapping of the apparatus. 

Evaporation of Solvent—This is achieved by halting the water circulation, 
removing the extraction cup, and attaching the air outlet to a vacuum line. 
The applied voltage is the same as that used for refluxing. Evaporation 
in this way is smooth and quick, about 5 minutes being required for total 
removal of 80 per cent ethanol. 


Extraction of Sugars from Onion Root Tip 


To provide experimental material, an onion (Allium cepa) was suspended 
over a beaker of aerated water kept at room temperature and the roots thus 
formed used in the experiments here described. (Anthers of Trillium, for 
which the research was intended, were unavailable at the time.) Since a 
physiological study was not being conducted, no attempt was made to con- 
trol growth conditions. The roots were sliced and their fresh weight 
determined by a quartz helix balance (2). The portions used were all of 
the order of 0.3 to3 mg. As suggested by Hassid (3), 80 per cent ethanol 
was used for extraction medium and the material refluxed for periods vary- 
ing from 5 to 24 hours. Maceration of the root appeared unnecessary, 
since the yields after 6 hours were no less than those obtained after 20 
hours of extraction. Following extraction, the alcohol was evaporated 
down to about 10 \ and then transferred, with several washings, to a micro 
test-tube. It is possible to add reagents directly to the extraction bulb, 
but this is less convenient when centrifugation is desired. The contents 
of the test-tube, about 150 \ in volume, were again evaporated to 10 X. 

Evaporation of solvent from a narrow tube is more difficult than from a 
bulb with a relatively large surface. It was satisfactorily accomplished, 
however, by using the arrangement indicated in Fig. 2. The essential 
point is the use of the nichrome wire to heat the chamber but not the tube. 
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If a low voltage is first applied and then increased stepwise, evaporation 
proceeds smoothly and is complete in about 30 minutes. The required 
voltages need only be established once; evaporations may then be run with 
little care. 

To the 10 \ of extract in the tube were added 5 X of saturated neutral 
lead acetate, and the sides of the vessel carefully rinsed with an additional 
5 to 10 \ of water. 10 of saturated disodium phosphate were measured 
into the mixture, the contents well mixed, and 5 or 10 minutes later centri- 
fuged with the air centrifuge. 











Fia. 2 Fig. 3 
Fig. 2. Evaporation assembly. a, nichrome wire leads to variable voltage trans- 
former; b, outlet to vacuum. 
Fic. 3. Microgram filtration assembly. a, vacuum outlet; b, supporting glass 
wool; c, calibrated micro tube; d, ground glass top of capillary tube on which filter 
paper rests. 


The type of filter we found most suitable is shown in Fig. 3. It is, in 
fact, generally useful when samples in the neighborhood of 50 \ are to 
be filtered and a quantitative recovery of filtrate is desired. The apparatus 
is easily made with a short piece of capillary tubing, 1 mm. bore, by en- 
larging the bore at one end and grinding that end flat. The other end is 
drawn out and bent slightly at the tip to provide a small point of contact 
between it and the wall of the calibrated micro tube. It is also advisable 
to paraffin the lower portion. Suitable filtering disks were obtained by 
means of a paper punch. In operation, the filter paper was wetted and 
the suction turned on to assure adhesion of the disk to the ground glass 
surface. The suction was then stopped and a calibrated micro test-tube 


2 Obtainable from the Microchemical Specialties Company, Berkeley, California. 
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inserted. A capillary pipette of rather large bore was used to take up suc- 
cessive portions of the mixture which was applied dropwise to the filter 
disk. ‘The vacuum was so regulated as to provide a smooth flow of filtrate 
down the side of the tube and no accumulation of liquid on the filter paper. 
When means of adequate centrifugation are not available, the mixture of 
precipitate and solution can be filtered directly, but to avoid plugging of 
the filter, tale is first applied as described by Hassid (3). 

The efficiency of this method of clearing was tested with 4 y samples of 
glucose. 10 of glucose solution containing 4 y of glucose were delivered 
to a sugar tube, and the reagents added as described above. Controls 
were simultaneously run in all cases. The results are shown in Table I, 
where the volume of ceric sulfate required for the filtrate as a percentage of 
that required for the control is given. 


TABLE | 
Effect of Clearing and Filtration on Glucose Recovery 


Recovery in individual samples expressed as percentage of controls. 


Samples centrifuged and filtered | Samples filtered without centrifugation 
100.5 99.5 
100.1 100.5 
101.1 100.4 
98.8 


In the case of plant extracts, the filtrate was made up to 200 \ and 40 
\ aliquots used for determination of total sugars and reducing sugars. The 
size of aliquot is, of course, arbitrary and depends largely upon the total 
sugar content of the extract. Since «ven 0.28 mg. of root yielded about 8 
y of sugar, it was unnecessary in our case to increase the size of aliquot. 
A very important point at this stage of the procedure is the mixing of the 
filtrate once made up to volume. Apparently, inversion and twirling of the 
tube are inadequate, for quite often if treated this way, the aliquots showed a 
gradation in concentration, the first one removed always being the lowest. 
The use of a 200 to 250 \ pipette, paraffined on the outside, obviated the 
difficulty. By successive drawing up and releasing of the solution at dif- 
ferent levels in the tube, thorough mixing was achieved. 

Again to test for reliability of the method, the recovery of five samples 
of sucrose was studied (Table II). The variability of the sugar content 
between different roots and, as would appear from our results, between 
different portions of the same root precluded the adoption of any particular 
concentration as a standard. Instead, both these methods were tried: 
The extract was divided equally, and to one-half, 4 y of sucrose were added, 
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or, after 6 hours extraction, the extract was similarly divided, one-half was 
returned to the extraction bulb, 4 y of sucrose added to the extraction cup, 
and the solution again extracted for a few hours. Both methods yielded 
similar recoveries. 

In view of the successful recovery, some comparisons were made between 
the sugar content of different roots and between two different portions of 
the root. The results are listed in Table III]. The values are all expressed 
in terms of sucrose equivalents. 


TABLE II 


Recovery of 4 y of Sucrose in Extracts of Various Sugar Concentrations 


Total sugar content of sample Recovery 
a per cenit 
94.8 104 
78.6 98 
25.0 100.2 
8.3 101.1 
7.6 | 100.0 


TaB_e III 
Sugar Content of Onion Root 


Length of root “a. Weight of sample ee Reducing sugar 

cm. cm. mg. y 7 

4 Tip 3.4 23.5 6.5 

3 0.5 ea 17.4 2.9 

3 Tip 0.28 28.0 16.8 
1.0 0.90 26.0 6.9 

3 Tip 1.73 24.5 5.9 
1.0 1.50 23.1 4.6 

1.6 Tip 0.70 21.6 11.7 


0.5 0.89 
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From these results it is apparent that a great deal of variability exists 
with respect to sugar content. Some of the differences might be real, the 
higher proportion of reducing sugars at the tip, for example. Others may 
well be due to variability in water content of the tissues. It is clear, how- 
ever, that, in so far as the method of extraction is concerned, there are no 
outstanding differences in recoveries from small or large root sections. This 
latter point, of course, is our chief interest here. 


SUMMARY 


A microgram extractor, filter, and evaporator are described, as well as 
the technique necessary in applying this equipment to the analysis of 
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microgram quantities of sucrose or other non-reducing sugars. The method 
was tested in the analysis of short lengths of root tips. 
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THE EFFECT OF pH ON THE RESPIRATION OF BRAIN TISSUE; 
THE pH OF TISSUE SLICES* 


By K. A. C. ELLIOTT ann MARION K. BIRMINGHAM 


(From the Department of Neurology and Neurosurgery, McGill University, and the 
Montreal Neurological Institute, Montreal, Canada) 


(Received for publication, July 1, 1948) 


With slices of various guinea pig tissues suspended in bicarbonate-free 
horse serum adjusted to various pH values, Canzanelli e/ al. (1) found that 
maximum rates of oxygen uptake occurred in all cases in media with pH 
values well above 7.4. With brain slices, the curve relating respiration rate 
to the pH of the medium rose with increasing pH, rapidly up to pH 6, less 
rapidly from 6 to 8, and then rapidly again to give a marked maximum at 
pH 9 to 9.5. It finally fell sharply with further increase in pH. Can- 
zanelli et al. summarized previous work on the effects of pH on tissue res- 
piration. Much of it was unsatisfactory with regard to pH control and 
measurement and for other reasons. The surprisingly high optimum found 
by Canzanelli et al. suggested that the question should be studied further. 

As a result of the studies here reported we conclude that the true optimum 
pH for the respiration of brain tissue is in the usual physiological range and 
that the actual pH within slices is usually appreciably different from that 
of the medium in which they are immersed. 


Methods 


Slices of rat brain cortex were prepared in a cool humid chamber (2, 3) 
by means of a Stadie and Riggs (4) microtome designed to cut slices about 
0.48 mm. thick. For respiration measurements the blade was not 
moistened and the slices were weighed on a torsion balance. 

Isotonic suspensions (5) of whole brain were prepared in warm calecium- 
free Ringer’s solution, or in biecarbonate-free horse or sheep serum)! con- 
taining 0.01 m glucose. 

Oxygen uptake was measured by standard procedure in the Barcroft 
apparatus at 38°. The vessels contained oxygen for slices, air for suspen- 
sions. In some experiments samples of medium or suspension were ad- 
justed to various pH levels and 3 ml. were placed in the vessels. More 
usually each vessel received 2 ml. of suspension or slices and 2 ml. of me- 
dium, and | ml. of medium containing the amounts of phosphate buffer, 


* An abstract of this paper has appeared (Federation Proc., 6, 249 (1947)). 
' The serum was not usually inactivated, since in several experiments the respira- 


tion rates of slices in inactivated (7.e., heated to 58°) and untreated serum were the 
same. 
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NaOH, or HCl, needed to produce the required pH in the mixture was 
tipped in from a side bulb shortly before zero time. The final concentra- 
tion of phosphate, when used, was 0.03 m. All mixtures were isotonic. 
Duplicate vessels were set up. One was removed from the bath at zero 
time, the other at the end of the experimental period, and the pH of the 
medium in each was determined immediately with an ordinary glass elec- 
trode. 

For the measurement of the pH of slices themselves, a small cylindrical 
stand made of plastic, 25 mm. in diameter, was covered with wide mesh 
gauze. ‘The slice was laid on this and held in place by a second layer of 
gauze. ‘These layers were held down by elastic bands around the stand. 
The stand, with slice and coverings, was lowered into a 50 ml. beaker con- 
taining the medium and the latter was continuously aerated with the ap- 
propriate gas. The beaker was placed in a larger vessel containing water 
maintained at about 37°. The pH was measured by means of a micro glass 
electrode (glass membrane-saturated Ag acetate in 0.5 per cent acetic acid- 
silver) and reference electrode (cotton wick, normal saline, chlorided sil- 
ver wire) similar to those described by Nims (6). These were connected to 
an ordinary Beckman pH meter, the connection to the glass electrode be- 
ing shielded, and calibrated against buffers of known pH. The electrodes 
were bound to a flexible bronze strip which was fastened to the arm of a 
dissecting microscope stand. By means of the ratchet of this stand 
they could be very gently lowered into contact with the slice or raised 
to measure the pH of the medium. 


Results 


In Fig. 1, a, the results of experiments with rat brain cortex slices sus- 
pended in bicarbonate-free horse serum are shown. These results confirm 
those obtained by Canzanelli et al. with guinea pig brain in that maximum 
respiration rates are observed around pH 9. A large number of experiments 
with slices in Ringer-phosphate-glucose solution indicated that maximum 
respiration rate occurred at a relatively high pH in this medium, as in serum. 
However, the pH fell so rapidly in the high range that it was impossible 
to determine the effect of pH with accuracy. 

It has been shown (5) that brain suspensions prepared in isotonic medium 
respire at a rate comparable with that of slices and present a number of 
advantages in the study of brain tissue metabolism. The pH of these 
suspensions can be readily adjusted after homogenization and does not 
change so greatly as does the medium with slices. Aerobic glycolysis is less 
active than that of slices (7) and respiratory CO, production is lower in the 
alkaline range, where CO, strongly affects pH. Rather dilute suspensions, 
30 to 50 mg. of tissue per ml. of final volume, were used to minimize the 
pH changes. 
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In Fig. 1, b, c, and d, the relation of the respiration rate of whole brain 
suspensions in various media to pH is shown. The optimum pH seems to 
be about 7 to 7.5. 
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Fig. 1. Effects of pH on the respiration rate of slices of cortex and suspensions of 
whole brain. Similarly marked points were obtained in experiments on samples of 


the same tissue. The pH shown was the mean of the values for the beginning and the 
end of the 30 minute experimental period. 


In Fig. 2 the results of experiments are illustrated in which suspensions 
were adjusted to various pH values, kept at room temperature for various 
times, and then readjusted to pH 7.4 before the respiration rate was de- 
termined. It may be seen that the effects of pH rapidly become irrevers- 
ible, particularly in the alkaline range. 
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medium at various pH values on the subsequent respiration rate at pH 7.4 


TABLE [| 


pH of Rat Tissue Slices in Various Media 


Medium* 


Horse serumf.. 


a “ 


Ringer-0.03 m phosphate. . 


Same.... 


ac 


Ringer-0.02 m bicarbonate. . 


Same.... 


Ringer-0.001 m bicarbonate 


Ringer, no bicarbonate 


Ringer-0.03 m phosphate . 


Ringer-0.03 m phosphate 


* The media contained glucose, except where noted. 





Aeration gas 


Brain cortex 


100% O» 
100% “ 

100% “ 

100% “ 

100% “ 

100% “ 

100% “ 

100% “ 

100% “ 

100% “ 

95% 02-5% COz 
95% ac 5% “ 
95% “ce -5% “ 


Liver 
100% Oz 
Kidney 


100% Oz 


+ Similar results were obtained in sheep serum. 


t No glucose in the medium. 


H recorded pH recorded 


rom medium from slice 
8.8 6.7 
6.0 5.9 
8.8 6.5 
8.4 6.6 
| 8.4 Lion 
8.0 6.5 
| 7.4 6.6 
| 5.8 5.7 
4.6 5.0 
| 8.7 7.0 
| 7.4 6.7 
6.0 5.9 
4.8 5.0 
8.5 7.3t 
8.4 7.3T 


While the respiration rate of suspensions is only 40 to 50 per cent of 
maximum at pH 9, the respiration rate with slices is at its maximtim in 
medium of this pH. This suggests that the pH of the tissue in a slice is 
not the same as that of the medium in which it is suspended, but is actually 
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lower and nearer the optimum. That this is true was indicated by the 
experiments with the micro glass electrode. When electrodes which re- 
corded a pH of nearly 9 in the medium were gently lowered into contact 
with the slice, the recorded pH immediately fell and, after about 5 minutes, 
became constant at about 6.6. On raising the electrodes, the original pH 
of the medium was again recorded. A steady pH value was not recorded 
immediately when the electrode touched the tissue, presumably because 
time is required for the fluid within the concavity of the electrode to come 
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Fic. 3. Changes in pH recorded from brain slices under various conditions. Ringer- 
().03m phosphate medium. Substrates added tothe medium and aeration gas changed 
at times shown by the arrows. Glucose 0.01 mM, sodium /-lactate 0.02 m. Solid lines, 
glass electrode on the slice; broken lines, glass electrode in the medium above the slice. 


into equilibrium with that of the tissue. In glucose-containing media of 
pH above 7, the pH recorded from the slice was 6.5 to 6.7 and seemed 
usually to be independent of the pH of the medium. In media of lower 
pH, the pH of the slice fell lower. However, in media of pH below 5, 
the pH of the slice was found to be appreciably higher than that of the 
medium. 

Similar results (see Table I) were obtained when the medium was serum, 
Ringer-phosphate, or Ringer-bicarbonate. (Since the volumes of the media 
were large, their pH did not change greatly.) With liver and kidney cortex 
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slices similar differences between the pH of the slice and the medium were 
observed. 

With brain slices under aerobic conditions the pH of the slice was ap- 
preciably lower with glucose present in the medium than with no substrate 
or lactate in the medium. With glucose the pH remained constant but 
with lactate or with no substrate the pH often rose slowly. On changing 
from aerobic to anaerobic conditions, with glucose present, the pH some- 
times showed no immediate change, but after a variable time it rose; the 
latter trend could be reversed by return to aerobic conditions. In the 
absence of glucose under anaerobic conditions the pH usually rose, and the 
rise could be slowed down or arrested, but not reversed, by the addition, 
after a short time, of glucose. (Dickens and Greville (8) found that brain 
slices lost metabolic activity very rapidly in the absence of both oxygen 
and glucose.) It seems evident that the pH of a slice is at least partially 
dependent upon metabolic activity. Typical records of the above-men- 
tioned observations are shown in Fig. 3. 


DISCUSSION 


The difference in pH between the slice and the medium might be due to 
the following factors: (a) difference between the carbon dioxide concen- 
trations in the medium and in the inner layers of the slice; (b) difference 
between the lactic acid concentrations in the medium and in the slice, (c) 
buffering effect of tissue proteins and other substances; and (d) other fac- 
tors connected with tissue and cell structure, permeability, and metabolism. 

Warburg (9) calculated that a respiring slice of a tissue of thickness ap- 
proaching the limit for adequate oxygenation of its inner layers would have, 
at equilibrium, a carbon dioxide tension in its inner layers about 3 per cent 
of an atmosphere higher than in the surrounding medium. A saline so- 
lution buffered with 0.02 m bicarbonate has at 38° a pH of about 9.6 in 
equilibrium with air and 7.35 with 5 per cent carbon dioxide. An increase 
of the CO, tension by 0.03 atmosphere would lower the pH to 7.5 and 7.1 
respectively. If phosphate-buffered solutions, 0.03 mM, having initial pH 
values of 8.0 and 7.4 in air, are equilibrated with 3 per cent COs, it may be 
calculated that their pH should drop to 7.2 and 7.0 respectively. (The pH 
of a medium at or below pH 6 would of course scarcely be affected by CO:.) 
Thus the concentration of CO, within the slice could theoretically account 
for a considerable pH difference between the innermost layers of a slice and 
the medium in the alkaline range under aerobic conditions. 

Some determinations were made of the lactic acid concentration in brain 
slices and in the suspending Ringer-phosphate-glucose medium (pH 7.5) 
after a period of aeration with oxygen. The slices were rapidly drained 
and ground up with weighed amounts of sand and 5 per cent trichloroacetic 
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acid and the mixture reweighed. A sample of the medium was also treated 
with trichloroacetic acid. Lactic acid was determined on the filtrates by 
the method of Barker and Summerson (10). The concentrations of lactic 
acid in the slice and in the medium were found to be about 8 and 3 micro- 
moles per ml. respectively. The lactic acid concentration within the slice 
is thus definitely higher than in the surrounding medium and probably 
contributes to the pH difference, but the extent of this effect cannot readily 
be assessed. Perhaps the differences in CO: and lactic acid content of 
the tissue could together account for most of the pH differential of slices res- 
piring in glucose-containing media. 

Under anaerobic conditions in the presence of glucose, the pH of the slice 
was well below that of the medium in spite of the fact that respiratory CO» 
production would not be contributing to the pH difference. The differ- 
ential might be accounted for in this case by a large accumulation of lactic 
acid within the slice. 

In the presence of oxygen but in the absence of glucose, aerobic glycolysis 
would not occur but rather residual lactate within the slice would be con- 
sumed. With added lactate there would be definite consumption of lactate 
with liberation of base. It is thus to be expected that the pH of the slice 
would be higher in these conditions than in the presence of glucose and 
oxygen. 

It seems probable to us that the buffering effect of the tissue materials 
must also be concerned. This is probably the main factor which keeps the 
pH of slices higher than that of the medium when the latter is below 5. 
Doubtless other factors are also concerned. 

The pH of the interstitial fluids within the slice may vary with the 
distance from the surface and it is uncertain to what portion of the slice 
the pH recorded by the present method refers. Since the tips of the 
electrodes were a little less than 1 mm. in diameter and the slice thickness 
nearly 0.5 mm., it might be suggested that the recorded pH refers to a 
point nearly 0.5 mm. from the free surface. Since the deepest level in a 
slice of the usual thickness is half this distance, it is possible that the dif- 
ference in pH between the medium and the innermost layers of a thin slice 
is somewhat less than that shown. 

Since similar differences in hydrogen ion concentration between the 
medium and rat brain, kidney, and liver slices have been observed, the 
phenomenon is presumably general. In most studies on the metabolism 
of tissue slices in media at about pH 7.4, the actual pH of the interstitial 
fluids in the slice has evidently been lower than what is commonly con- 
sidered to be the normal physiological level. But it seems possible that 
the difference between the pH recorded by an electrode placed on a slice 
and the pH of the surrounding medium may represent a true physiological 
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situation and not merely a result of the lack of capillary circulation. This 
is rendered more probable by in vivo observations of Elliott and Jasper 
(11), who found that the pH recorded from an electrode placed against 
the pial surface of a lightly anesthetized cat was independent of the pH 
of fluid irrigating the brain and surrounding the electrode, except its tip, 
and was always appreciably lower than that of the venous blood. The 
pH so recorded varied from point to point, depending, apparently, upon 
the proximity of larger blood vessels, and values as low as 7.0 were ob- 
tained. 


SUMMARY 


The true optimum pH for brain tissue respiration is about 7 to 7.5. The 
pH of slices of brain and other tissues is lower than that of the suspending 
medium at all pH values above 6. 
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THE METABOLISM OF THIOCYANATE IN THE RAT AND 
ITS INHIBITION BY PROPYLTHIOURACIL* 


By JOHN L. WOOD ann EDWARD F. WILLIAMS, Jr. 


(From the Department of Chemistry, School of Biological Sciences, University of 
Tennessee, Memphis) 


(Received for publication, July 6, 1948) 


In a previous report (1) we have shown that a small fraction of the sulfur 
of injected thiocyanate is converted to sulfate by the rat. The conversion 
of thiocyanate to sulfate had been predicted to occur as the result of the 
physiological activity of thiocyanate ion which is known to be a goitrogen 
and a hypotensive agent. Our results could not be taken as unequivocal 
evidence for the metabolism of thiocyanate by the body because, as we have 
observed, thiocyanate breaks down spontaneously in aqueous solution to 
yield sulfate. The study did indicate that the processes which might occur 
in biological systems would involve rather small amounts of thiocyanate ion. 

An accumulation of thiocyanate in the adrenals of the rabbit has been 
suggested (2). Concentration of thiocyanate in the thyroid of the rat (3) 
has been reported also. In the latter instance the process was likened to a 
mass action effect. It is well known that thiocyanate interferes with the 
incorporation of iodine as thyroxine in the thyroid gland (4-6). The chem- 
ical similarity between thiocyanate and iodide suggested to us that the an- 
tagonism between the two ions could be metabolic. One might expect to 
find not only free thiocyanate ion in the thyroid fluids but also thiocyanate 
sulfur bound to protein and in the form of degradation products. We 
therefore turned to an examination of specific tissues of the animal body for 
evidence of the products of metabolism of thiocyanate ion. 

25 mg. of radioactive potassium thiocyanate labeled with S®* were injected 
intraperitoneally into rats which were sacrificed at 6 and 24 hour intervals. 
The whole thyroids and adrenals and samples of blood plasma, muscle, and 
liver were pooled from groups of six animals. The tissues were homogen- 
ized and the protein was precipitated with trichloroacetic acid. The protein / 
precipitates were freed of thiocyanate ion by ‘washing out” with inactive 
potassium thiocyanate and then oxidized by peroxide fusion. Radio- 

| activity determinations gave a measure of thiocyanate sulfur bound to 
protein (Table I). 

Free thiocyanate ion was removed from the supernatants of the homoge- 

nates by precipitation with silver ion. The thiocyanate was oxidized to 
| sulfate. Radioactivity determinations gave a measure of free thiocyanate 
in total tissue fluid (Table I). 


* This study was aided by a grant from the Rockefeller Foundation. 
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S*-containing compounds remained in the liquors after protein-bound 
and free thiocyanate sulfur had been removed. These were oxidized to 
sulfate and determined by radioactivity measurements to show the quan- 
tity of thiocyanate ion which had been converted to other soluble com- 
pounds by the tissues (‘‘rest” thiocyanate sulfur, Table I). 

The data in Table I show, as expected, that the major portion of the in- 
jected thiocyanate was present after 6 hours as free thiocyanate ion in the 
extracellular fluid and that the fall in values after 24 hours, as the result of 
excretion (1), is similar for the total fluids of all tissues. Thyroid, 6 hours 
after injection, contained free thiocyanate ion in significantly higher con- 
centration than liver, muscle, or adrenal. 

Small amounts of thiocyanate sulfur were “bound” to liver, muscle, 
plasma, and adrenal proteins, while larger amounts were bound to thyroid 
protein. 

In marked contrast to liver, muscle, and adrenal tissue, the thyroid con- 
tained conversion products of thiocyanate ion, as indicated by a much 
larger amount of labeled sulfur in the fraction not precipitated by tri- 
chloroacetic acid or silver ion. 

We have investigated the effect of n-propylthiouracil on the distribution 
of thiocyanate sulfur in rat tissues. VanderLaan, Bissel, and VanderLaan 
(4, 5) and Taurog, Chaikoff, and Feller (6) had shown that the uptake of 
iodide by thyroids of rats treated with propylthiouracil is not inhibited but 
the iodide remains in unaltered form. The data in Table IT show that the 
administration of propylthiouracil to rats for 33 days before injection of 
potassium thiocyanate does not stop the uptake of free thiocyanate ion 
by the gland or the binding of thiocyanate sulfur to the protein. On the 
other hand, the formation of “rest” thiocyanate sulfur, or metabolized thio- 
cyanate sulfur, is almost entirely repressed. 


EXPERIMENTAL’ 


White rats were selected in groups of six of the same sex. The weights of 
individuals of the group generally averaged 230 gm. Each animal was in- 
jected intraperitoneally with 1 ml. of solution containing 25 mg. of potas- 
sium thiocyanate labeled with radioactive sulfur.2 Subsequently the 
animals were maintained on water alone for either 6 or 24 hours. A cardiac 
puncture was performed under light ether anesthesia. Immediately after- 


1 The authors wish to acknowledge the assistance of Miss Nelson Kingsland who 
carried out most of the analytical procedures and radioactivity measurements. 

2 Radioactive sulfur was obtained from the Clinton National Laboratory, Oak 
Ridge, Tennessee, under allocation from the United States Atomic Energy Commis- 
sion, in separated form as Na.S. 





Wi 


ind 
Th 
cer 
f at 
tio! 
lec 
des 
hy« 
des 
was 
dec 


sol 








J. L. WOOD AND E. F. WILLIAMS, JR. 61 


ward, the animal was killed by opening the chest. The thyroid, adrenals, 
and portions of the liver and muscle were removed. Pooled samples of 
each tissue were ground in a glass homogenizer, first with 1 to 2 ml. of water 
and again after the further addition of 2 ml. of 10 per cent trichloroacetic 
acid. The volume was diluted to 10 or 12 ml. with water. The precipitate 
was separated by centrifugation and the supernatant was transferred to a 
volumetric flask. 1 mg. of unlabeled potassium thiocyanate was added to 
the supernatant, and 10 mg. were added to the precipitate, which was stirred 
up with 10 ml. of 1 per cent trichloroacetic acid and allowed to stand over- 
night. ‘The supernatant was then added to the first supernatant and the 
precipitate was washed four times more with 10 ml. portions of 1 per cent 
trichloroacetic acid. The supernatant liquors from muscle, liver, and 
plasma respectively were diluted to 100 ml., and aliquots were taken for 
duplicate sulfur determinations. The adrenal and thyroid liquors were 
used zn toto. The pooled plasmas were treated in a similar manner except 
that 2 per cent trichloroacetic acid was used for washing and a total of 10 
mg. of inactive potasium thiocyanate was added to the first supernatant 
liquor from the homogenate. 

“Bound” thiocyanate sulfur was converted to sulfate by fusion of the 
trichloroacetic acid precipitate with sodium carbonate and peroxide ac- 
cording to the method of Bailey (7). The fusion mixtures were dissolved 
and made up to 25 ml. in the case of the thyroid and adrenals and to 50 ml. 
for the liver, muscle, and plasma. The major part of the solution was taken 
as an aliquot and adjusted to between pH 3 and 4 with cresol red as an 
indicator. 2 drops of 10 per cent Triton NE wetting agent were added. 
The sulfate was precipitated from the warm solution with 0.5 ml. of 5 per 
cent barium chloride. The use of barium (rather than benzidine) for sul- 
fate precipitation was preferred because of the high salt content of the solu- 
tions. The precipitate was digested from 2 to 12 hours and then was col- 
lected on a disk of No. 42 Whatman filter paper with the candle filter 
described by Henriques et al. (8). The precipitate was washed with dilute 
hydrochloric acid (1:300) and then with 95 per cent ethanol, and dried in a 
desiccator over calcium chloride. The average weight of the barium sulfate 
was 7 mg. Correction was made for self absorption and for radioactive 
decay by counting a standard sample on the same day. Radioactivity 
measurements were made with a thin window Geiger-Miiller tube. 

“Unbound” thiocyanate ion was precipitated from the supernatant liquors 
as silver thiocyanate. The solution was made alkaline to litmus with am- 
monium hydroxide, and a saturated solution of silver acetate in 3 N am- 
monium hydroxide was added until precipitation was complete. The 
solution was made acid to litmus with acetic acid. The precipitated silver 
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thiocyanate was collected by centrifugation and washed with 5 ml. of water. 
The thiocyanate sulfur was oxidized to sulfate with an excess of acid bro- 
mate by the method previously described (1). 

The sulfate was precipitated with barium ion as described above. Du- 
plicate determinations were carried out on liver, plasma, and muscle. 

“Rest” thiocyanate sulfur was determined on the supernatant solutions 
from the silver thiocyanate precipitate. The excess silver ion was pre- 
cipitated with dilute hydrochloric acid. The filtrate was neutralized with 
solid sodium carbonate, then 1 ml. of 10 per cent sodium hydroxide was 
added, and the mixture was evaporated to dryness. Total sulfate was de- 
termined, after peroxide fusion, as described above. 

In the case of the supernatant solutions (containing ‘‘rest’’ thiocyanate 
sulfur) of Rats 42 to 47, 48 to 50, and 54 to 59, 3.5 mg. of sodium sulfate 
were added to the solution after removal of the chloride. This was followed 
by the addition of barium chloride solution. The barium sulfate was 
collected and the radioactivity of the sample was measured. The excess 
barium in the mother liquor was removed as the carbonate. The mother 
liquor was then evaporated. This residue was oxidized by sodium peroxide, 
as described above, for measurement of thiocyanate sulfur which had been 
converted to some product other than sulfate. 


DISCUSSION 

A definite formation of protein-bound thiocyanate sulfur is seen in a com- 
parison of the values for thyroid with those of plasma, muscle, liver, and 
adrenalsin Table I. It will be noted that proteins of all tissues bound some 
thiocyanate sulfur. Since thiocyanate ion is absorbed by proteins quite 
strongly in vitro, we carried out model experiments to test the reliability of 
our method for removing free thiocyanate from the trichloroacetic acid 
precipitate. Labeled thiocyanate was added to the muscle protein, and 
the precipitation and washing out procedure described in the experimental 
section were applied. In such tests we could remove 99 per cent or more of 
the added thiocyanate. In order to assess the effect of stirring in air dur- 
ing homogenization of the tissues we tried aeration of blood plasma in the 
presence of labeled potassium thiocyanate for 6 hours at 35°. The protein- 
bound sulfur was not significantly different from that of a non-aerated con- 
trol solution. We would therefore conclude that no binding of thiocyanate 
to protein was induced by our analytical procedures and that values for 
protein-bound thiocyanate sulfur greater than 1 per cent of the total labeled 
sulfur in the tissue may be considered significant. The thiocyanate sulfur 
bound to the protein of liver, adrenal, muscle, and plasma may be accounted 
for either by formation of an actual chemical linkage to protein, by adsorp- 
tion on protein, or by combination with lipide material as suggested by Lein 
for iodine (9). The thiocyanate sulfur bound to thyroid and possibly to 
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adrenals could be also the result of formation of chemical compounds analo- 
gous to the iodoproteins. The degradation of such unnatural protein de- 
rivatives by the body could account for the fall in protein-bound 
thiocyanate during the 6 to 24 hour period. 

The finding of radioactive sulfur in the mother liquors after precipitation 
of the protein with trichloroacetic acid and precipitation of free thiocyanate 
with silver was unique with thyroid tissue. This offers the most convincing 
evidence for the metabolism of thiocyanate by the thyroid gland. The 
absence of radioactivity in the corresponding residual liquors from the other 
tissues confirms our estimate of the efficiency of our analytical procedures. 

The nature of the metabolic products of thiocyanate to be found in the 
thyroid is unknown. However, a large portion appears not to be sulfate 
ion, as judged by the four instances in which we fractionated the “rest” 
thiocyanate sulfur. Here sulfate ion was added, followed by barium chlo- 
ride treatment before oxidation. The barium sulfate precipitate carried 
down from 4 to 45 per cent of the radioactivity of these solutions. Because 
of coprecipitation known to occur with barium sulfate, this does not indicate 
that any of the products was sulfate, but it does show that some of the 
products were not sulfate. 

The thiocyanate precipitated by ammoniacal silver acetate solution under 
the conditions employed in these experiments is the free thiocyanate ion 
present in the cellular and interstitial fluids. The values in Table I thus 
provide a measure of the ability of the tissue to concentrate thiocyanate 
ion from the plasma. On an equal weight basis, none of the tissues studied, 
including the thyroid, shows a higher concentration of thiocyanate than 
the plasma. This is in contrast to the recognized uptake of iodide by the 
thyroid. There appears to be no concentration of thiocyanate ion by the 
thyroid, adrenals, and liver, even if the difference in the water content of 
the plasma and the other tissues is taken into account. Our data do sug- 
gest that free thiocyanate ion penetrated the cells of the glandular tissues. 
Assuming the same concentration of free thiocyanate ion in the extracellular 
fluid as in the plasma, it can be calculated from the concentrations found 
in the various tissues that the liver and adrenals, with interstitial compart- 
ments of 28 and 38 per cent respectively (10), must necessarily have some 
cellular penetration by thiocyanate ion. The muscle, with an interstitial 
fluid compartment of 15 per cent, cannot have any free thiocyanate ion 
within the cells. If the thyroid interstitial compartment is estimated to 
be equal to or less than the adrenal, an intracellular penetration of thyroid 
greater than that of any of the other tissues has occurred. 

The free thiocyanate ion concentration in each of the tissues studied at 
the 24 hour interval is about one-tenth the 6 hour value. Evidently there 
is a diffusion of thiocyanate ion into and out of the tissues in equilibrium 
with the plasma concentration. 
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Chronic propylthiouracil treatment of rats inhibits thiocyanate metab- 
olism in the thyroid (Table II). An inhibition of the protein-binding phase 
is reflected by a decrease in protein-bound sulfur from 0.42 micromole per 
gm. for the normal rat thyroids to 0.08 micromole per gm. for the goitrous 
glands. ‘This result parallels the effect of the drug on iodide fixation. Io- 
dide held by thyroids of propylthiouracil-treated rats is so loosely bound 
as to be non-precipitable with trichloroacetic acid, while in normal thyroids 
all or nearly all is protein-bound (3, 6). 

Results of studies with iodine (5, 6, 11-14) suggested the possibility that 
the administration of propylthiouracil should increase the uptake of thio- 
cyanate by the thyroid. A comparison of the values for normal rats with 
those of rats treated with propylthiouracil (Table I1) shows not an increase 
but a slight decrease in the amount of free thiocyanate held by the goitrous 
thyroid after 6 hours. 

Thiocyanate ion fulfills the requirements (15, 16) for a specifie metabolic 
antagonist against iodide in thyroxine synthesis. This view-point is sup- 
ported by many independent data. The resemblance of thiocyanate to 
iodide in chemical properties is so well known that it is classed as a “pseu- 
dohalogen”’ (17). The physiological effects of thiocyanate as a goitrogen 
are reversed by iodide (12, 18). Thiocyanate inhibits the uptake of free 
iodide by the thyroid gland (4, 5, 11-14, 18-20). This inhibition can be 
reversed by iodide. 

Thiocyanate may antagonize iodide by actually replacing it inthe sequence 
of chemical reactions usually leading to thyroxine synthesis. The first 
stage in this synthesis is a reversible formation of a loose combination with 
iodide by the gland (6, 20). This may be a typical example of the sub- 
strate-enzyme combination which is usually reversible. This iodide is con- 
verted to the protein-bound iodine from which thyroxine eventually arises. 
Thiocyanate may successfully compete with iodide for the enzyme. This 
would account for the observed displacement of loosely held iodide by thio- 
cyanate ion (5, 14). To carry the concept further, it seems possible that the 
thyroid enzyme acts to form a reversible combination with the thiocyanate 
and maintains this in equilibrium with the plasma. Not all the protein- 
held thiocyanate is released, however, as the plasma concentration falls. 
Due to the resemblance in properties between thiocyanate and iodide, the 
enzymatic reactions proceed to the formation of the chemically bound thio- 
cyanate observed here. Finally, in the sequence of thyroxine-like synthesis, 
an unnatural thiocyanate derivative meets a block to further enzyme activ- 
ity. 

The action of propylthiouracil supports the concept of metabolism of thio- 
cyanate ion by the thyroid. Analogous to its action on iodine metabolism 
propylthiouracil treatment does not prevent the uptake of thiocyanate but 
does suppress protein binding and the formation of other metabolic products. 
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SUMMARY 


The distribution of thiocyanate ion and its metabolism products has been 
studied in rats at 6 and 24 hour intervals after the injection of 25 mg. of 
potassium thiocyanate labeled with radioactive sulfur. 

The protein of the thyroid gland fixes thiocyanate sulfur to a greater ex- 
tent than the protein of other tissues. This activity is inhibited by pro- 
pylthiouracil treatment. 

An accumulation of water-soluble compounds containing radioactive 
sulfur was found in the thyroid after 6 hours. The quantity had increased 
at 24 hours, although free thiocyanate ion and protein-bound thiocyanate 
sulfur had decreased. The formation of these products was inhibited in 
rats treated with propylthiouracil. No evidence for the production of these 
compounds in liver, muscle, adrenals, and plasma was found. 

The thyroid tissue maintains no concentration gradient of thiocyanate ion 
against the plasma, but thiocyanate penetrates the cells of thyroid, adrenals, 
and liver. The level of thiocyanate ion in all the tissues falls with the fall in 
the plasma level. Propylthiouracil treatment causes no increase in the 
thyroid-plasma concentration gradient. 

These experimental findings have been interpreted in terms of the meta- 
bolic antagonism of thiocyanate for iodide. 
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DECOMPOSITION OF CYSTINE AND WOOL BY TREATMENT 
IN THE BALL MILL AND AUTOCLAVE 


By WILLIAM H. STAHL, BERNARD McQUE, anv R. G. H. SIU 


(From the Quartermaster Research and Development Laboratories, Philadelphia) 
(Received for publication, July 13, 1948) 


In the course of investigation of the microbiological degradation of 
wool, it is often necessary to treat wool either (a) by steam sterilization 
at 120° for 15 minutes, (b) by grinding in a ball mill, or (c) by a com- 
bination of these. Since we wish to study the degradation by a single 
microorganism, the sterilization procedure is required. Also, since wool 
has been shown to be a chemically heterogenous substance both histologi- 
cally and chemically, grinding was necessary in order to obtain a more uni- 
form substrate and an increase in specific surface for the action of the 
enzymes liberated by the microorganism. Although it has been known 
for some time that such treatments induce changes in wool (1-10), the 
extent and nature of these changes, especially on the insoluble residue, 
have not been studied in detail. Since we are interested in the changes 
brought about by the microorganism under study, it is obviously of im- 
portance to know the chemical and physical characteristics of wool after 
being subjected to these treatments. 

Routh (7), in studies on wool ground in a ball mill, found little change in 
the total nitrogen and sulfur content, but the cystine content decreased 
appreciably. Inorganic sulfates and intermediate oxidation products of 
cystine were found, and he concluded that the change was oxidative in 
nature. 

Stirm and Rouette (8) make the statement that the moisture content is 
of the highest importance in the rate of destruction of wool due to heat. 
Among the decomposition products, they found carbon dioxide, sulfinic 
acid, alanine, and taurine. They noted that by the exclusion of oxygen 
the sulfur compounds of wool could not be oxidized to sulfate. 

Cohen (9) observed a decrease in the nitrogen content of the water- 
soluble fraction of wool on successive grindings. He concluded that the 
production of a water-soluble protein is not primarily dependent on the 
splitting of the disulfide linkage, but on other linkages in addition to this 
one. Our own observations support this view. 


EXPERIMENTAL 


The wool used had been scoured and defatted, and had a moisture con- 
tent of 9.9 per cent when in equilibrium with the room, which is kept at 
69 
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50 per cent relative humidity. Portions of this sample were then either 
ground in a ball mill or chopped. After these basic treatments, 5 gm. 
portions of the samples were either heated 1 hour at 110° or autoclaved dry 
or wet. The chopping process consisted of one passage through a medium 
sized Wiley mill equipped with a 40 mesh sieve. Autoclaving was carried 
out at 15 pounds steam pressure (120°) for 20 minutes. A ceramic ball 
mill containing flint pebbles was used; this mill turned at a rate of 120 
R.P.M. Unless otherwise specified, samples were milled for 44 days or about 
800,000 revolutions. All samples were analyzed on a moisture-free basis, 
having been dried in a vacuum oven at 60° for at least 18 hours. At least 
duplicate analyses were made in every case. 


TABLE I 
Effect of Grinding and Heat on Wool 


Analysis* 
Treatment of fiber 
Cystine Sulfur Nitrogen 
per cent per cent ber cent 
Whole fiber chk —T 11.5 3.43 16.53 
Chopped fiber....... ee ree ae e 11.5 3.33 16.36 
. “ peated: 4 br at VIO°.....3:.... 10.4 3.16 16.54 
i ** autoclaved dry, 20 min. at 120°. 8.2 2.90 16.61 
Ee si - wee  @ Ea” 8.0 2.59 16.67 
Ball-milled fiber . Sea 8.4 2.84 16.27 
" ‘* heated 1 hr. at 110°.. i ee 7.5 2.47 16.64 
“s ‘* autoclaved dry, 20 min. at 120°. 6.5 2.34 16.37 
ste * s wet. oS 0"... 6.6 2 


32 16.21 


* Calculated on an ash-free, moisture-free basis. 


Total sulfur was determined gravimetrically by the oxygen bomb 
method and cystine by the photometric method of Kassell and Brand (10). 
Cysteine was calculated as the difference after blocking the —SH groups 
by iodoacetic acid (11). The intermediate oxidation products of cystine 
were sought by the method of Lavine (12) and nitrogen was determined 
by the micro-Kjeldahl procedure. Qualitatively, sulfhydryl was detected 
by the nitroprusside reaction, aldehydes by the action of Schiff’s reagent, 
and hydrogen sulfide by lead acetate paper. 


Results 


The effect of chopping, ball milling, and the subsequent autoclaving 
on the chemical constitution of wool is summarized in Table I. It is to 
be noted that these figures represent the composition of the water-insoluble 
residue. In addition to the changes in cystine, sulfur, and nitrogen, it has 
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been observed qualitatively that hydrogen sulfide is given off during the 
grinding process. Previous workers have noted that hydrogen sulfide is 
given off when wool is autoclaved. 

Because a positive nitroprusside test was invariably obtained after ball 
milling, quantitative determinations for cysteine were made by block- 
ing the —SH with iodoacetate. In a typical batch of ball-milled wool, 
the cystine content was 7.52 and the cysteine was 0.48 per cent. Varia- 














TaBLe II 
Effect of Grinding on u-Cystine 
Non-ball-milled cystine Ball-milled cystine 
Compound Ra Yi 7 a NS aaa 
Calculated | Found {|_—-— ~— eee Leen ee ee 
Batch 1 | Batch 2 
| is per cent per cent per cent | per centloss| per eons ee cent loss 

Cystine...........; 100.0 | 100.0 | 70.1 | 29.9 80.8 | 19.2 
Cysteine...... one 0 0 8.5 | 5.8 | 
1 ne 26.68 26.70 24.60 | 7.9 25.65 | 4.0 
Nitrogen.......... 11.66 11.67 10.50 | 11.1 11.17 


4.2 


Teen 





* Batch 1, about 1,400,000 revolutions; Batch 2, about 1,000,000 revolutions; 
calculated on an ash-free, moisture-free basis. 


TABLE III 


Qualitative Tests on Wool and on Cystine Ground in Ball Mill 


Material Test Result 
Water-insoluble residue Nitroprusside, for —SH | Positive 
- 3 | Schiff’s reagent, for aldehydes _ 
Gases present after milling Hydrogen sulfide si 
" ss ne ¥ | Ammonia — 
Water-soluble fraction | Sulfates < 
“ ae | Intermediate oxidation products of | Negative 
| 
' 


cystine 


tions were within +5 per cent of the above figures. The formation of 
cysteine was also noted with ball-milled cystine, as shown in Table II. 

Since the major change in wool keratin due to the degree of comminution 
appears to involve the disulfide linkage or cystine content, the effect of 
grinding on t-cystine was also studied. ‘The results are summarized in 
Table II. 

Qualitative tests on both ball-milled wool and cystine gave the results 
shown in Table ITI. 
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DISCUSSION 

The available data are inadequate for a detailed explanation of the 
mechanism of decomposition of wool or cystine due to grinding. ‘The re- 
sults, however, suggest generalizations which appear useful in interpreting 
some of these reactions. That the reactions are complex is indicated by 
the multiplicity of breakdown products identified, such as cysteine, alde- 
hyde, hydrogen sulfide, ammonia, and sulfates. Although no oxidation 
products of cystine such as cystine disulfoxide or cysteinesulfinic acid 
were detected, it does not necessarily follow that they do not appear in 
the course of the degradation. Other results in these Laboratories indicate 
that these compounds may appear only momentarily as intermediate steps 
in the oxidation of cystine to sulfate. 

As Cohen (9) suggests, other bonds are broken in addition to the disulfide 
linkage. This process produces only a partially soluble substance as 
contrasted to a completely insoluble product obtained from the reduction 
of wool by means of thioglycolic acid or sodium sulfide. Our own expe- 
riences corroborate those of Routh (7) and Cohen (9) that proteolytic 
enzymes such as pepsin and trypsin readily digest reduced wool and only 
slowly and partially digest ball-milled wool. This suggests differences in 
the chemical nature of the two substrates. Possibly the chemical reduc- 
tion transforms the wool protein to long, insoluble polypeptide chains, 
whereas ball milling produces small, soluble, dialyzable fragments. 

Since it is very difficult to remove all the water from wool, it may be 
postulated that a hydrolytic cleavage of the disulfide group in wool occurs 
during the ball milling. 


—CH,.—S—S—CH.— + HO = —CH:-SH + —CH.-SOH 
—CH.-SOH — —CHO + HS 


Detailed studies by Schéberl (13) on the above reaction have shown 
that it occurs with surprising ease. Simple calculations will show that the 
small amount of water necessary to change the cystine content of wool 
from 11.5 to 8.4 per cent would be readily available. It is possible that 
hydrogen sulfide may be oxidized to sulfuric acid, especially in the presence 
of trace metals (14) which are probably present in the pebbles, accounting 
in part for the sulfate found present. Although no oxidation products of 
cystine were actually detected in this study, the further oxidation of 
sulfinie acid ion to sulfate ion is quite possible. That deamination of wool 
or cystine was accelerated by ball milling is partially substantiated by 
the fact that ammonia was given off and a suspension of either wool or 
cystine became increasingly acid with increasing the length of time of 
ball milling. It is known that the impact of pebbles in the rotating mill 
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generates heat, which may materially catalyze the various decompositions 
(5). Thus it would appear that during the ball milling both hydrolytic 
and oxidative processes operate simultaneously. 


SUMMARY 


When either wool or cystine has been subjected to ball milling and auto- 
claving or either procedure alone, ammonia, hydrogen sulfide, aldehydes, 
cysteine, and sulfate can be detected. The suggestion is made that these 
compounds result from simultaneous hydrolytic and oxidative reactions on 
the wool proteins, the rate of reaction being increased by heat. Quantita- 
tive cystine, sulfur, and nitrogen values on wool and cystine under the 
above conditions support this hypothesis. 
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A FURTHER PURIFICATION OF p-GLUCOSE 
DEHYDROGENASE* 


By ELEANOR BRUNELLI anv W. W. WAINIOt 


(From the Department of Physiology, New York University College of Dentistry, 
New York) 


(Received for publication, July 24, 1948) 


An early preparation of p-glucose dehydrogenase was made by Harrison 
(1) by the addition of ammonium sulfate to a water extract of acetone- 
dried mammalian liver. More recently a partial purification was effected 
by Wainio (2) by fractionation with ammonium sulfate and by the use of 
aluminum hydroxide gel. The method to be outlined here offers a further 
purification. Extraction of lyophilized liver with water is followed by 
adjustment of the pH and by fractionation with ammonium sulfate and 
calcium phosphate gel. The preparation is completed by removing the 
last traces of salts by dialysis. 


EXPERIMENTAL 


Ca;3(POx,)2 gel was prepared according to Utkin (8). 

Diphosphopyridine nucleotide was prepared according to the method 
of Warburg and Christian (4) as reported by Klein (5). 

Heart flavoprotein was prepared according to Straub (6) with the slight 
modification employed by Eichel and Wainio (7). 


Test of Activity 


Each fraction was tested for activity by employing the following com- 
ponents in the respirometer vessels: center well, 0.25 ml. of 10 per cent 
NaOH; side arm, 0.25 ml. of 2 molal p-glucose and 0.25 ml. of diphospho- 
pyridine nucleotide solution containing 1 mg. in 0.25 m NazHPO,-KH:2PO, 
buffer, pH 7.4; body, 0.5 or 1.0 ml. of enzyme solution, 0.5 ml. of Straub’s 
heart flavoprotein solution containing 0.5 mg. in 0.25 m Na,HPO.-KH2PO, 
buffer, pH 7.4, 0.5 ml. of 1:500 methylene blue, and 0.25 or 0.75 ml. of 
0.25 m NasHPO.-KH,PO, buffer, pH 7.4. Each fraction was analyzed for 
total nitrogen by the micro-Kjeldahl method. The results are expressed 
in terms of QO, protein. 


* Aided by a grant from the John and Mary R. Markle Foundation. With the 
assistance of Herbert J. Eichel. 

+ Present address, Bureau of Biological Research, Rutgers University, New Bruns- 
wick, New Jersey. 
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Extraction with Different Media 

The capacity of four different fluids or solutions to extract the dehydro- 
genase was tested first. Water, 0.1 m NaCl, and 0.1 mM NasHPO,-KH2PO,, 
pH 7.4, gave protein solutions of about the same unit activity, whereas 
0.1 mCH;COOH-CH;COONa, pH 4.6, was inferior (TableI). Water proved 
to be superior to the NaCl solution in that the total active proteins extract- 
able with water were almost 2 times greater than with NaCl. 

Three successive extractions were chosen because the third extract had a 
total activity equal to one-half the total activity of the first and because 


TABLE | 


Fluid Extracts 


Extracting medium QO2 Protein ex Total 
protein tracted activity 
we. | “pao 
Water : 21 316 6636 
0.1 m Na2HPOy-KH2PO,, pH 7.4 19 166 3054 
0.1 m CH;COOH-CH;COONa, pH 4.6 14 247 3458 
0.1 um NaCl. 20 187 3740 
TaBie II 
(NH,4)2SO,4 Fractions 
(NH4)2SO;, saturation QO2 protein (NH4)2SOs, saturation QO: protein, 
per cent per cent 
20-30 | 16 20-35 101 
30-40 20 20-40 77 
40-50 | 5 20-45 60 
50-60 2 25-35 115 
60-70 0 25-40 78 
25-45 65 


the unit activity of the third extract was somewhat greater than the unit 
activity of the first. 


pH Adjustment 


The pH adjustments were made by lowering the pH to the desired value 
and, after removal of the precipitate by centrifugation, by readjustment of 
the pH to 7.0. The pH values tested were those between 5.5 and 5.8, and 
since they all improved the activity to the same degree, the pH value of 5.7 
that Harrison had previously used was preserved for the final preparation. 
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Fractionation with (NH4)2SOx4 


The addition of (NH4).SO, in various amounts following adjustment of 
the pH demonstrated that at 40 per cent saturation most of the active 
protein was precipitated. A more detailed series of fractionations (Table 
II) showed that the fraction between 25 and 35 per cent saturation gave the 
highest unit activity. 


Fractionation with Gels 
A comparison of Al(OH); and Ca3(PQOx,)2 gels revealed that the latter was 
superior. Successive adsorptions with the Ca;(PO,). gel showed that the 
most active fraction was never the first, but that it might be the second, 
third, fourth or fifth. Consequently, five successive adsorptions are rec- 
ommended. 


TaBLe III 
Effect of Dialysis 


QO, protein 


Preparation No. Length of dialysis 
Fraction 1 Fraction 2  Fraction3 Fraction 4 Fraction 5 
days 
l 1 46 dl 57 132 63 
4 191] 426 
2 3 54 82 318 90 19 
5 105 170 515 
3 5 79 285 780 870 
4 5 377 704 
5 5 270 360 


Dialysis 


A final dialysis of 5 days duration is recommended with a change of water 
each day if no agitating device is available. The last traces of salts must 
be removed. A marked improvement in activity is noted (from a QO, 
protein of about 130 to one of 360 to 870) as the time of dialysis is lengthened 
from 1 day to 5 days (Table ITI). 


Preparation 


On the Ist day 100 gm. of thoroughly dried lyophilized lamb liver are 
ground in a mortar to a very fine powder, mixed in the same vessel with 
400 ml. of ice-cold distilled water, and extracted in an ice bath for 30 
minutes with occasional stirring. The mixture is centrifuged in the cold 
for 15 minutes at 2500 X g in 50 ml. celluloid tubes. The supernatant is 
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decanted through cheese-cloth (the fatty layer held back with a spatula) 
and the residue reextracted two times with two 200 ml. portions of cold 
distilled water, with stirring, for 15 minutes. ‘The combined supernatants 
are dialyzed overnight against distilled water at 5°. 

On the 2nd day the solution is centrifuged for 15 minutes at 2500 X g. 
The fatty layer, if any forms, is carefully removed and discarded. The pH 
of the supernatant is usually found to be between 6.0 and 6.5 and is taken 
to 5.7 with vn HCl. Following centrifugation at 2500 X g for 15 minutes 
and subsequent decantation, the supernatant is adjusted to pH 7.0 with 
N NaOH. 17.5 gm. of (NH4)2SO, are added to each 100 ml. of the super- 
natant to make the latter 25 per cent saturated. The mixture is centri- 
fuged for 15 minutes at 2500 X g and the precipitate discarded. 7.0 gm. of 
(NH,)2SO, are added to each 100 ml. of the supernatant (based on the 
volume to which the 17.5 gm. per 100 ml. were first added) to make the 
supernatant 35 per cent saturated. The precipitate is centrifuged (super- 
natant discarded) and dissolved in 50 ml. of cold distilled water. The 
proteins are precipitated again by adding 12 gm. of (NH4).SO, (35 per 
cent saturated) and by centrifuging for 15 minutes at 2500 xX g. The 
precipitate is dissolved in 25 ml. of cold distilled water and dialyzed over- 
night against distilled water at 5°. 

On the 3rd day the solution is centrifuged for 15 minutes at 2500 x g 
(precipitate discarded) and mixed with 10 ml. of Cas(PO,)2 gel (or its 
equivalent containing 370 mg. of Ca;(PO,)2). After standing for 5 minutes 
in the cold the gel is brought down by centrifuging for 5 minutes at 1500 
X g in 250 ml. glass bottles and saved. The supernatant is successively 
treated with four more 10 ml. portions of the gel and each gel is set aside 
and saved. Each of the five gels is eluted with 20 ml. of cold 0.1 s NH,OH 
which is 25 per cent saturated with respect to (NH4)sSOy. After standing 
in the cold for 5 minutes the gels are once more brought down by centrifug- 
ing for 5 minutes at 1500 X g. Each supernatant is dialyzed against 
distilled water at 5° for 5 days or until absolutely free of (NH4).SO;. A 
change of distilled water every day facilitates the removal of the (NH4)oSOx. 

On the 8th day, after being centrifuged to remove the copious precipitate, 
each fraction is tested for activity. The results are expressed in terms of 
QO: protein. The most active fraction (QO protein, 360 to 870) or the two 
most active fractions, if they do not differ by more than 10 per cent, are 
lyophilized from the frozen state to yield an active preparation. Lyo- 
philization, however, decreases the QO, protein by approximately 50 per 
cent. The yield from a single fraction is approximately 23 mg. 


SUMMARY 


p-Glucose dehydrogenase has been prepared from lamb liver by the 
following method: the cells are rendered permeable by lyophilization, the 
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enzyme is extracted with water, and purification is accomplished by ad- 
justment of the pH and by fractionation with ammonium sulfate and with 
calcium phosphate gel. Those contaminating proteins that are rendered 
soluble by small concentrations of salts are removed by a final, complete 
dialysis. The preparation can be lyophilized, but the unit activity is 
diminished to the extent of approximately 50 per cent by this treatment. 
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THE PRODUCTION OF RADIOACTIVE CYSTINE BY DIRECT 
BOMBARDMENT IN THE PILE* 


By ERIC G. BALL, A. K. SOLOMON, ann OCTAVIA COOPER 


(From the Department of Biological Chemistry and the Biophysical Laboratory, 
Harvard Medical School, Boston) 


(Received for publication, July 28, 1948) 


The production of radioactive organic compounds has heretofore required 
their synthesis from radioactive inorganic building stones. In many cases 
this is both difficult and costly or even unachievable. We have therefore 
undertaken the investigation of the possibility of the production of certain 
radioactive organic compounds by the direct bombardment of the desired 
compound in the pile. At the outset it should be said that in attempting 
such an experiment we were not unmindful of the destructive effects caused 
by the high energies released in the type of neutron capture with which 
we were dealing. However, it has long been known that the Szilard-Chal- 
mers reaction (13), which makes use of bond fracture following neutron 
capture, does not go to completion. 

We present data here which we believe indicate that this method of pro- 
duction of radioactive organic material is entirely possible. We have chosen 
cystine with its high sulfur content as our first test material. Bombard- 
ment of cystine in the Oak Ridge pile has yielded a sample of cystine con- 
taining radioactive sulfur. That the sulfur is not a contaminant has been 
demonstrated by repeated crystallization of the cystine, by filter paper 
chromatography, by the formation and recrystallization of cysteine hydro- 
chloride by two different procedures, and by the synthesis of the phenyl- 
hydantoin derivative of cystine. 

We believe this method of producing radioactive compounds should be 
applicable to other sulfur-containing compounds, and an experiment with 
the protein insulin which contains 12 per cent cystine is now under way. 
Radioactive phosphorus compounds should also be capable of production, 
and with this end in view, muscle adenylic acid is now also undergoing 
bombardment. 


EXPERIMENTAL 
Bombardment-——-A sample of cystine purchased from the Eastman Kodak 
Company was recrystallized three times by precipitation at the isoelectric 


* This work was supported in part under a grant from the American Cancer Society 
recommended by the Committee on Growth of the National Research Council, and 
in part by the Office of Naval Research. 
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point. A 2 gm. portion of this cystine was submitted to irradiation for | 
month in the Oak Ridge pile. It was returned in a completely charred con- 
dition. A second 2 gm. sample was then sent for 1 month’s bombardment 
in the pile at a position in which both the thermal temperature and the 
neutron flux were lower. This sample when returned to us, though def- 
initely off white in color, appeared to have suffered relatively little destruc- 
tion. No actual measurements were made of its total S*® radioactivity. 
It may be noted that an insoluble residue was present whose gross appear- 
ance was similar to S and whose radioactivity was very great. Calculations 
of the radioactivity retained in the cystine give a total cystine activity of 
about 5 microcuries, or a specific activity of 0.7 microcurie per mm of 
cystine. Now, since Overman (8) gives the experimental flux in the pile 
as 5 X 10" neutrons per sq. cm. per second (+50 per cent), we may assume, 
as a first approximation, that the flux for our irradiation was 10" neutrons 
per sq. cm. per second. Based on this flux, and a cross-section for neutron 
capture of 0.011 K 10-*4 sq. em. (10), we may calculate that in 1 month’s 
bombardment our cystine sample should have yielded total radioactive S 
(S*) of the order of 7 millicuries. Hence we may calculate that approxi- 
mately 0.07 per cent of the total radioactive sulfur appeared in the cystine. 
Calculations of the efficiency of production of radioactive cystine by this 
method must be accepted as being of a tentative nature, and are given 
merely as a general guide. There is a probability that a longer bombard- 
ment time would increase the yield and the specific activity of the cystine. 
More accurate information should be forthcoming from the samples now 
under bombardment. 

In addition to sulfur, cystine also contains C, N, H,andO. Only carbon 
need be seriously considered as a possible radioactive contaminant arising 
from neutron bombardment, and we expected that the production of C™ 
would be unimportant compared with that of S*. Although the cross-sec- 
tion for slow neutron capture by C™ has not been published, an upper limit 
can be obtained on the assumption that the total cross-section for neutron 
capture for C'* + C® can be ascribed to C" alone. This is a most unlikely 
assumption, but, even so, it yields a cross-section of 0.0045 K 107%‘ sq. em., 
less than one-fourth that for formation of S*. 

Counting—End window counters with windows between 1.5 and 2.5 mg. 
per sq. cm. thick were used for the measurement of radioactivity. Samples 
were weighed accurately in approximately 5 mg. quantities (range 4.9 to 
5.8 mg.) and distributed as evenly as possible over the surface of the count- 
ingcup. To correct for the difference in sensitivity of the various counting 
tubes used, all samples were measured against a standard of radioactive 
barium carbonate. No corrections were made for decay, since each sample 
was measured concomitantly with the cystine from which it was derived 
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and is so reported in the results. As the experimental work progressed, 
however, it became evident that the decay of radioactivity was approxi- 
mately that to be expected for S®. This decay of radioactivity accounts 
for the progressive decrease in specific activity encountered in the experi- 
ments which will be reported below in the order of their performance. 
Since the weight of the samples was so uniform, no corrections were made 
for the difference in self-absorption between samples, because we felt that 
the uncertainties introduced by the use of different materials for counting 
was so great that these small corrections would be unimportant (15). 

The quality of the radiation was examined by absorbing the radiation 
in aluminum absorbers. Employing a sample of the recrystallized cystine 
referred to in the following section as the original stock sample, we found 
that 96 per cent of the radiation was absorbed by 30.5 mg. per sq. em. of 
aluminum, a value in good agreement with that of 31.4 mg. per sq. em. 
reported by Solomon, Gould, and Anfinsen (12) for the range of S* electrons 
in aluminum. However, this cannot be accepted as conclusive proof that 
the radioactivity of the sample is due entirely to sulfur, since the range of 
C™ electrons is 27.8 mg. per sq. em. Proof that C™ does not contribute 
any appreciable radioactivity is given in the section on alkaline degra- 
dation. 

Recrystallization—The total bombarded sample was transferred from its 
container to a lead-protected hood and emptied into a flask containing 
50 ec. of H.O and 2.5 ee. of concentrated HCl. The unstoppered flask and 
its contents were allowed to stand in the ventilated hood for several days 
to permit any volatile radioactive material to escape. ‘The solution was 
then filtered and a small insoluble radioactive precipitate rejected. To the 
yellowish filtrate were then added slowly with shaking 7.5 gm. of sodium 
acetate-3H.O. A heavy precipitate formed and the mixture was allowed 
to stand overnight in the hood. The next day the precipitate was centri- 
fuged, washed three successive times, and the precipitate air-dried in the 
hood. The supernatant and washings have been stored, but no investiga- 
tions have been performed upon them. ‘The dry precipitate weighed 1.584 
gm., and if assumed to be all cystine, represents 79 per cent of the sample 
sent for bombardment. Its radioactivity was 3250 counts per minute per 
mg. The sample was again dissolved in dilute HC! and an insoluble residue 
centrifuged. This residue had the appearance of sulfur. It was washed 
with water and dried. Its total weight was 7.2 mg. and it was so radio- 
active that no direct count was possible. The cystine was again pre- 
cipitated by the addition of sodium acetate, and the precipitate washed 
repeatedly with water and immediately redissolved in dilute HCl. No 
insoluble residue was encountered this time and the cystine was pre- 
cipitated from solution for the third time by sodium acetate. After wash- 
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ing and drying, the three times recrystallized sample gave a count of 1200 
per minute per mg. 

A 100 mg. portion of the radioactive sample was now mixed with 1.9 gm. 
of pure cystine and subjected to a variety of recrystallization procedures. 
The first step employed was to dissolve the cystine mixture in 50 ce. of 
dilute HCI and to boil it for 10 minutes with 1 gm. of acid-washed charcoal. 
The material recovered by precipitation at the isoelectric point after this 
treatment had a count which could not be lowered significantly by any 
number of subsequent recrystallizations. These included three consecutive 
charcoal treatments and recrystallizations, the count per mg. on the initial 
sample being 24.9 per minute, and after the third recrystallization 21.3 per 
minute. In another series SnS was used as a scavenger. SnCl, was added 
to the acid cystine solution in an amount equivalent to the cystine present. 
The tin was precipitated by bubbling in H2S, and the cystine remaining in 
the supernatant precipitated, washed, and dried. The process was re- 
peated, yielding a small sample of cystine with a count of 21 per minute per 
mg. It may be calculated from the radioactivity of these samples that a 
similar purification of the main sample should yield material with counts 
lying in the range of 420 to 498 per mg. per minute. 

The original undiluted sample of cystine was now treated with charcoal 
and recrystallized twice more. A total of 0.86 gm. of pure white crystalline 
material was obtained which gave a count of 465 per minute per mg.  Cal- 
culated on the basis of cystine, this corresponds to 112,000 counts per mm 
per minute. We calculate that at the time of its removal from the pile 
this cystine would have had a count of 235,000 per mm per minute if a 
decay rate equal to that of S*® is assumed. 

This sample of radioactive cystine was assumed to be as pure as could 
be achieved by recrystallization procedures, and it was employed for the 
subsequent experiments. It will be referred to as the original stock sample. 

Migration on Filter Paper—Proof for the fact that the radioactivity of 
our cystine sample was not due to a contaminant was next sought by 
means of filter paper chromatography (5). We have used both phenol 
and butyric acid as solvents and employed a capillary ascent procedure 
similar to that described by Williams and Kirby (14). The cystine 
samples were dissolved in 0.05 n HCl to give a concentration of 2 mg. 
per cc., and 0.01 ce. was applied to the paper. The original stock sample 
of radioactive cystine was employed so that 0.01 ec. of solution con- 
taining 20 y of cystine should give a total count of approximately 9 
per minute. For comparison, a three times recrystallized sample of ordi- 
nary cystine was employed. At the end of the run, the portion of the 
paper containing the control sample of cystine was developed with nin- 
hydrin and Ry values for its migration were obtained which agreed with 











the 
dic 
cir 
the 
to 

mi; 
fou 
De 
inc 
mi 
na 
rig 


of 

act 
ple 
sar 
of 

sol 
pre 
wa 
as 

Scr 


fla: 
air 
nig 
all 
ex 
wa 
cry 
ho 
Th 











BE. G. BALL, A. K. SOLOMON, AND 0. COOPER 85 


those reported in the literature (5, 14). The portion containing the ra- 
dioactive sample was marked along the line of expected migration with 
circles 4.5 cm. in diameter, overlapping each other by 50 per cent, and 
the radioactivity of successive circles counted. Radioactivity was found 
to be present chiefly at a position corresponding to the location of the 
migrated cystine in the control sample. Some radioactivity was also 
found at the initial point of application of the radioactive cystine sample. 
Development of the paper with ninhydrin after the counts had been made 
indicated the presence of cystine only in that area corresponding to the 
migrated radioactivity. The result can be considered as qualitative in 
nature only, owing to the low total count per unit area counted. More 
rigid quantitative proof of the presence of the radioactivity in the cystine 
molecule itself was therefore sought. 

Formation of Cysteine—Since a sulfur atom seemed the most likely source 
of radioactivity in our sample, we have prepared cysteine from our radio- 
active cystine by two different procedures. The sample of cystine em- 
ployed for this purpose was a mixture of 1 part of our stock radioactive 
sample with 4 parts of three times recrystallized normal cystine. A total 
of 500 mg. of this mixture was dissolved in 20 ce. of dilute HCl and the 
solution well mixed. A 2 cc. sample was then withdrawn and the cystine 
precipitated by the addition of sodium acetate. The sample, after being 
washed three times with water and drying, weighed 45.2 mg. It served 
as the radioactive cystine sample with which the cysteine samples to be de- 
scribed were compared. 

Tin Reduction—To 9 cc. of the cystine solution in a small Erlenmeyer 
flask were added 450 mg. of tin-foil and 3.5 ec. of concentrated HCl. The 
air in the flask was displaced with CO, and the mixture gently rocked over- 
night at 38°. The unchanged Sn was removed and H,S gas passed in until 
all the tin sulfide was precipitated. This precipitate was centrifuged and 
excess H.S displaced by a stream of CO.. The clear solution remaining 
was taken to dryness in vacuo over CaCl, and KOH pellets. The white, 
crystalline, dry residue weighed 274 mg. It was extracted with 5 ce. of 
hot absolute ethyl alcohol and a small insoluble residue was discarded. 
The clear alcohol solution was then cooled and stored in the cold overnight. 
A small crop of crystals formed and was centrifuged and dried in vacuo. 
Their total weight was 12.2 mg. A 5.4 mg. sample was then weighed and 
counted and yielded 52.2 counts per minute per mg. The total available 
material was then pooled and weighed 11.4 mg. When dissolved in 1 N 
HCl and titrated with the aid of a micro burette, it required 1.70 ce. of 
0.0392 n iodine. The molecular weight of the material may be calculated 
as 171. The theoretical molecular weight for cysteine: HCl-H,0O is 175.5. 
On the basis of a molecular weight of 171, the count per mm per minute 
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is 9750. The sample of cystine derived from the solution employed for 
this experiment gave a count of 20,100 per mm per minute, or 10,050 per 
0.5 mm of cystine. The cysteine obtained thus has 97 per cent of the 
theoretical count. 

Electrolytic Reduction—The remaining 9.0 cc. of cystine solution de- 
scribed in the preliminary paragraph of this section were diluted to a volume 
of 250 cc. and subjected to electrolytic reduction. The procedure employed 
was similar to that described by Andrews (2). When titration with iodine 
showed that the theoretical amount of cysteine had been formed, the solu- 
tion was removed and evaporated to dryness in vacuo over CaCl, and KOH 
pellets. The residue was poorly soluble in hot alcohol and appeared to be 
largely in the form of cysteine. It was dissolved readily by dilute HCl, but 
no precipitate formed on addition of sodium acetate to bring the pH to 4.6. 
A portion of the acetate solution was titrated with iodine and a white 
crystalline precipitate of cystine immediately appeared. This was centri- 
fuged, washed three times with H.O, and dried in vacuo. It gave a count of 
16,950 per mM per minute. The original cystine from which it was derived 
showed a count of 19,750. To the remainder of the acetate solution of 
cysteine, a 5 per cent solution of HgCl, was added until no further pre- 
cipitate occurred. The white precipitate was centrifuged and washed three 
times with H,O. It was then dissolved in 15 ce. of 1 N HCl, a small insoluble 
portion centrifuged, and the clear solution treated with H.S. The pre- 
cipitate of HgS was centrifuged and the supernatant freed from H.S with 
CO, filtered, and evaporated to dryness in vacuo over CaCl, and KOH 
pellets. The white crystalline residue was dissolved in the minimum 
amount of hot absolute ethyl alcohol and the clear hot solution cooled 
slowly and then allowed to stand overnight in the cold room. ‘The erystal- 
line precipitate was centrifuged in the cold and dried in vacuo over paraffin 
and CaCl. Each of two 10 mg. samples dissolved in 1 N HCl required 
exactly 1.40 cc. of 0.0392 Nn iodine for its oxidation. The calculated molec- 
ular weight from these data is 182. On this basis the radioactivity of this 
sample of cysteine- HCl-H,O was 7050 counts per mm per minute. The 
cystine from which it was derived, counted at the same time, gave 8650 
counts per 0.5 mm per minute. This sample of cysteine thus had 82 per 
cent of the theoretical count. 

Cystine Phenylhydantoin—Additional evidence for the occurrence of the 
radioactivity in the cystine molecule itself has been sought by preparing 
the phenylhydantoin derivative. Preparation of this derivative involves 
reactions with both the amino and carboxyl groups of cystine and is there- 
fore exceptionally useful for the purpose at hand. The sample of cystine 
employed was a 1:4 mixture of our stock radioactive sample and normal 
cystine. It was prepared by solution of the mixture in dilute HC! and pre- 
cipitation with sodium acetate. | 
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The phenylhydantoin was prepared according to the directions given by 
Patten (9) and Shiple and Sherwin (11). A 100 mg. sample of cystine was 
dissolved in 1.2 cc. of H,O and 0.9 ec. of 1.0N NaOH. Then 0.1 ce. of 
phenyl] isocyanate was added with shaking and the mixture shaken inter- 
mittently at room temperature for 10 minutes. 1.0 N HCl was next added 
to neutrality, with the formation of a white gelatinous precipitate. Dis- 
tilled water (20 cc.) was added and the precipitate broken up with a stir- 
ring rod andcentrifuged. The precipitate was again washed with 20 cc. of 
water. The precipitate was next dissolved in 5 cc. of acetone and centri- 
fuged to remove a small amount of insoluble material. By the slow addi- 
tion of 5.0 cc. of water a precipitate was formed which was centrifuged and 
washed three times with water. Now 25 cc. of 10 per cent HCl were 
added and the mixture heated on the steam bath for 2 hours. On cooling, a 
heavy crop of crystals separated. These were centrifuged and washed in- 
to a sintered glass crucible, washed with water, and air-dried. Hot 95 per 
cent ethyl alcohol was then drawn through the crucible to dissolve the 
hydantoin, and on cooling a heavy crop of white crystals formed. These 
were centrifuged and washed twice with alcohol at the centrifuge and 
dried in vacuo. 

The radioactivity of the phenylhydantoin derivative was 12,680 counts 
per minute per mm. The cystine sample from which this derivative was 
prepared gave 13,370 counts per minute per mm. The derivative thus 
shows 94 per cent of the radioactivity of the cystine from which it was 
prepared. 

Alkaline Degradation—Our final step has been to determine the atom or 
atoms in the cystine molecule responsible for its radioactivity. As men- 
tioned earlier, the sulfur atom is the most likely possibility, but the carbon 
atoms cannot be completely excluded. We have therefore subjected a 
sample to alkaline degradation in the manner employed by Clarke and 
Inouye (4). In this method the sulfur is fixed as lead sulfide and the car- 
bon chain, which transiently appears as pyruvic acid, can be trapped by 
formation of a hydrazone. The sample of cystine employed was the same 
as that described for the preparation of the phenylhydantoin derivative. 

Procedure—To a 100 mg. sample of cystine, 291.5 mg. of lead acetate 
(83H.O), 300 mg. of phenylhydrazine hydrochloride, 5.5 ec. of 1.0 Nn NaOH, 
and a drop of butyl alcohol were added and the mixture refluxed for 29 
hours. The precipitate of PbS was washed with 0.1 n NaOH until the 
washings were colorless, converted to sulfate, and precipitated as BaSQ,. 
The BaSOQ, precipitate was washed three times at the centrifuge with water, 
resuspended in water, and plated for counting. The BaSQ, had a count 
of 7650 per minute per mm. The cystine from which it was obtained had 
a count of 13,370 per minute per mM, or 6685 per atom of sulfur. The ac- 
tivity of the BaSO, precipitate therefore accounts for more than the total 
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activity of the cystine and may be explained by a greater ‘‘internal reflec- 
tion” (cf. Yankwich and Weigl (15)) of the sulfur radioactivity in the 
presence of barium. 

The supernatant from the PbS precipitate was filtered and acidified with 
glacial acetic acid and allowed to stand in the cold overnight. ‘The pre- 
cipitate formed was filtered on a sintered glass crucible and washed with a 
little HyxO. Hot aleohol was then drawn through the crucible and the clear, 
dark yellow solution stored in the cold overnight. The next day the crys- 
tals that had formed were centrifuged, washed once with a little cold alco- 
hol, and dried in vacuo. They showed no radioactivity, indicating that the 
carbon chain of the cystine molecule is not responsible for the radioactivity 
of the sample. 


DISCUSSION 


It can be calculated, with the atomic masses given by Livingston and 
Bethe (7) and the equations of Edwards and Davies (6), that the y-ray given 
off as a consequence of the formation of S* has an energy of 5.4 m.e.v. 
The recoil energy of the S* nucleus is 447 electron volts, corresponding to 
10,400 kilocalories per mole, an energy much greater than that of normal 
chemical bonds. Since we now know that in spite of this disproportionate 
energy it is possible to retain some S® in the cystine, we may examine the 
mechanisms which may account for this. Burton (3) and Allen (1) in 
recent reviews of the subject put forward the “cage effect,” a back reaction 
dependent upon the inability of the radioactive nucleus to escape from the 
crystal lattice. The S* may either fall back into the space which it has 
left behind it, or penetrate to some other nearby similar space. In the 
case of bombardment in solution, Burton further suggests that excited 
molecules may lose their excitation by collision before they have time to 
dissociate. With excess energy in the amount of 447 electron volts, this 
process is not very likely. None the less, experiments should be under- 
taken to compare the relative efficiency of production of radioactive com- 
pounds by bombardment as solids and in solution. Burton points out that 
in larger molecules, as for example insulin, the recoil energy may be distrib- 
uted among the many available bonds and as a consequence the proba- 
bility of nuclear synthesis may increase. 

Edwards and Davies (6) have suggested that if the y radiation following 
neutron capture is given off by more than 1 quantum the recoil energy 
may be considerably lower than the figure of 447 electron volts. Indeed, 
should 2 quanta be given off in opposite directions, the S*® recoil energy 
could become zero. If such a mechanism is responsible for the production of 
radioactive cystine, then the low yield we have obtained indicates that 
the occurrence of such a reaction is relatively infrequent. 
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uable suggestions, and to Mrs. Wallace MacDonald for measuring the ra- 
dioactive samples. 


SUMMARY 


1. A sample of cystine bombarded in the Oak Ridge pile has been shown 
to become radioactive. 

2. Repeated crystallization of the sample yielded a product with a con- 
stant specific activity of 112,000 counts per mM per minute. 

3. Migration of samples on filter paper with phenol and butyric acid as 
solvents showed that the radioactivity migrated qualitatively with the 
cystine. 

4. Samples have been reduced to cysteine by metallic tin and also elec- 
trolytically. The cysteine hydrochloride obtained by reduction with tin 
was recrystallized from alcohol and possessed 98 per cent of the theoretical 
radioactivity. The cysteine produced electrolytically was precipitated as 
the Hg salt, freed from mercury with H,S, and the cysteine hydrochloride 
obtained recrystallized finally from alcohol. It possessed 82 per cent of the 
expected radioactivity. 

5. The phenylhydantoin derivative of the radioactive sample was pre- 
pared and found to contain 94 per cent of the radioactivity expected. 

6. Samples of the radioactive cystine were subjected to alkaline degrada- 
tion in a manner so as to trap the S as PbS and the carbon skeleton as py- 
ruvate hydrazone. The PbS was converted to SO, and precipitated as 
BaSO,. Its radioactivity accounted for all the activity of the cystine 
sample. The hydrazone was not radioactive. 
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HORMONES ON THE AMINO ACID LEVELS 
IN THE PLASMA* 


By CHOH HAO LI, I. GESCHWIND, ann HERBERT M. EVANS 
(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, July 28, 1948) 


It has generally been assumed that changes in the level of the free amino 
acids in the plasma may be caused by factors influencing protein metab- 
olism. It would therefore be expected that the anterior hypophyseal 
growth and adrenocorticotropic hormones would influence the concentra- 
tion of free amino acid in the blood stream, for it is well established that 
these two hormones have definite effects on protein metabolism (1). It 
will be seen in the following that growth hormone causes a reduction in the 
free amino acid plasma level in normal and hypophysectomized rats, while 
adrenocorticotropic hormone induces an opposite effect. 

Experiments with Normal Rats—Male rats 40 days of age were fasted 
18 hours before injections. Different dosages of hormone preparations 
were administered intraperitoneally and the animals were sacrificed 6 hours 
later. The animals were anesthetized with sodium amytal and blood was 
taken from the inferior vena cava with heparin as an anticoagulant. The 
plasma amino acid content was determined by the gasometric ninhydrin 
reaction (2). The growth and adrenocorticotropic hormones were isolated 
from ox and sheep pituitaries respectively by methods previously described 
(3, 4). 

The results obtained with growth hormone are summarized in Table I. 
When 1.0 mg. of the hormone was injected 6 hours before blood samples were 
taken, the free amino acid plasma nitrogen from ten rats was found to have 
decreased from an average of 5.43 to 4.30 mg. per 100 cc. of plasma. This 
change was highly significant statistically as computed by the method of 
Fisher (5). Indeed, when blood samples were taken 3 hours after the 
injection, instead of the usual 6 hours, the lowering of the amino acid 
nitrogen was already evident, the level being 4.66 mg. per 100 cc. of plasma. 

Two other dosages of growth hormone were tested. When 0.5 mg. of the 
hormone was administered, the lowering of the plasma amino acid nitrogen 
was not significant, although the change was in the same direction. Ata 
higher dosage (3.0 mg.), the effect was almost identical with that obtained 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), the United States Public Health 
Service, RG-409, and the Research Board of the University of California, Berkeley. 
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at the 1.0 mg. dose level. When the animals were killed 12 hours after the 
injection, the amino acid level had returned to the control level. Finally, 
it may be emphasized that injections with an inert protein (bovine al- 
bumin) did not change the concentration of plasma free amino acids. 
Similar experiments with adrenocorticotropic hormone are summarized 
in Table II. When 3.0 mg. of the hormone were injected 6 hours prior to 
death, an elevation of the free amino acid nitrogen was found, an elevation 
from the control value of 5.43 to 6.07 mg. in 100 ec. of plasma; the change 
was not, however, highly significant statistically. When rats were in- 
jected intraperitoneally thrice daily for 4 days with a total daily dose of 


TABLE I 
Effect of Growth Hormone on Plasma Amino Acid Nitrogen of Normal Rats 
Male rats 40 days old were fasted 18 hours before injections. 








Dosage No. of rats Body weight at death | ——, acid p* 
mg. gm. mg. per 100 cc. 

0.0 10 132.6 + 4.1¢ | 5.43 + 0.23 

0.0t 6 128.7 + 4.1 5.77 + 0.21 <0.30 
0.5 6 132.341.9 | 4.89 + 0.24 0.15 
1.0 10 128.2+ 5.6 | 4.30 + 0.14 <0.001 
1.0§ 5 141.4+8.0 | 4.66 + 0.21 <0.05 
1.0) 6 135.44 3.5 | 5.23 + 0.47 

3.0 5 | 128.8 + 9.2 4.49 + 0.25 0.03 
3.0)| 6 | 121.7 + 1.4 5.35 + 0.33 <0.7 


| 





* Random probability of difference between injected group and control; see Fisher 
(5). 

t Mean + standard deviation. 

t Injection of 3 mg. of bovine albumin instead of hormone. 

§ Killed 3 hours after the injection instead of the usual 6 hours. 

|| Killed 12 hours after injection. 


5.0 mg. of the hormone, the levels of plasma amino acid nitrogen increased 
significantly from 5.43 to 7.37 mg. per cent. 

Thus, it is clear that growth hormone causes a reduction in the free 
amino acid level in the plasma, whereas adrenocorticotropic hormone in- 
creases it. 

Experiments with Hypophysectomized Rats—Male rats were hypophysec- 
tomized at 40 days of age, and 14 days were allowed to elapse before they 
were used. All animals were fasted 24 hours before death; intraperitoneal 
injections of hormone solutions were carried out 3 or 6 hours before blood 
samples were taken. It may be seen in Table III that there is a definite 
lowering of the plasma free amino acid level in 3 hours with 1.0 mg. of 
growth hormone. If blood samples were taken at 6 hours, the free amino 
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TABLE II 


Effect of Adrenocorticotropic Hormone on Plasma Amino Acid Nitrogen of Normal 


Rats 
Experiment No. of rats Body weight at death | a | ay 
ea mg. per 100 « plasms > oe 
ae re 6 | 121.0 + 3.2t | 6.07 + 0.20 0.09 
Been ceo 5 | 114.0 + 2.6 7.37 + 0.33 <0.001 
Control........| 10 132.6 + 4.1 5.438 + 0.23 


| j 

* Random probability of difference between injected group and control; see Fisher 
(5). 

7 Male rats, 40 days of age, were fasted 18 hours and then injected intraperiton- 
eally with 3.0 mg. of hormone; killed 6 hours subsequently. 

t Mean + standard deviation. 

§ Male rats, 39 days of age, were injected intraperitoneally thrice daily for 4 days 
with a total daily dose of 5.0 mg. of hormone; the animals were fasted for 24 hours 
before death on the 5th day. 


TaBLe III 
Effect of Growth Hormone on Plasma Amino Acid Nitrogen of Hypophysectomized Rats* 














Time of injecti - Bod ight Amino acid 
Dosage pe fe to death No. of rats at denth nitrogen 
mg. hrs. gm. mg. pode cc. 
0.0 0 10 113.7 + 8.17 | 4.01 + 0.14 
1.0 3 5 101.2 + 1.7 3.51 + 0.07 


1.0 6 4 108.3 + 2.0 | 5.06 + 0.17 


* Male rats were hypophysectomized at 40 days of age; after 14 days the animals 
were fasted 18 hours before injections. 
+t Mean + standard deviation. 


TABLE IV 


Effect of Adrenocorticotropic Hormone on Plasma Amino Acid Nitrogen of 
Hypophysectomized Rats 








Experiment No. of rats Body weight at death | Free amino acid nitrogen 

eo ef ro | gm emg. fer 100 €6, plaoms 
INS x5:cv ew ve 6 108.8 + 1.5f 4.43 + 0.26 
ee ; 9 116.4 + 7.1 4.77 + 0.15 
Control. ...........| 10 113.7 + 8.1 4.01 + 0.14 


* Hypophysectomized male rats, 40 days of age at operation and 14 days post- 
operative, were injected with 3 mg. of hormone 6 hours prior to death; the animals 
were fasted for 18 hours before the injections. 

t Mean + standard deviation. 

t Injections began on the day of hypophysectomy with 0.2 mg. of hormone daily 
for 14 days; the animals were fasted 24 hours before death. 
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acid level would have returned to a value higher than that found in the 
control. 

Table IV presents a summary of the data obtained with adrenocortico- 
tropic hormone. When 3 mg. of the hormone were injected 6 hours prior 
to death, the free amino acid level in the plasma was somewhat increased, 
though not significantly statistically. On the other hand, if the hormone 
(0.2 mg. daily) was injected on the day of hypophysectomy and for 14 
days thereafter so as to cause adrenal hypertrophy, the concentration of 
free amino acid nitrogen was significantly elevated from 4.01 to 4.77 mg. 
per 100 cc. of plasma. 

It should be noted that hypophysectomy itself produces a significant 
lowering of the plasma amino acid. 

DISCUSSION 

The influence of the pituitary on the non-protein nitrogen constituents 
of the blood has been studied by various investigators. Teel and Watkins 
(6), working with normal dogs, reported a drop of 20 to 30 per cent in the 
blood non-protein nitrogen after injections of growth extracts, and showed 
that about 70 per cent of the decrease in non-protein nitrogen was accounted 
for by decreases in the amino acids and urea. Gaebler (7), also with dogs, 
confirmed these findings, and in addition found a decrease in urinary nitro- 
gen chiefly at the expense of the urea. A transient fall in plasma amino 
acids in dogs has also been reported to occur following intraperitoneal in- 
jections of a growth-promoting pituitary extract (8). 

Experiments with rats have given similar results; Harrison and Long 
(9) have reported that injections of anterior pituitary extracts into fasted 
rats caused a decrease of the blood non-protein nitrogen. Fraenkel- 
Conrat et al. (10) found a fall of blood amino acids in both normal and 
hypophysectomized rats after injections of a purified growth hormone 
preparation. Recently Frame and Russell (11) found that the administra- 
tion of whole anterior pituitary extract decreased the blood amino acid in 
normal rats but had no effect on eviscerated animals. 

All the changes which have been cited were assumed to be caused by the 
growth hormone, although rigidly purified growth hormone preparations 
had not been employed. The results now reported show clearly that the 
growth hormone is indeed responsible for reduction in the plasma amino 
acid level. In normal rats, the effect occurs within 6 hours and disappears 
after 12 hours; 1.0 mg. of the hormone seems to be an optimal dosage for 
maximal lowering. In hypophysectomized rats the effect is not as evident 
as that obtained in normal animals. The amino acid concentration in the 
plasma of hypophysectomized rats is already at a very low level and further 
lowering of this level appears to be attended with difficulty. 
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The fact that growth hormone reduces the blood amino acids seems 
justifiably to be brought into relation with its effect on protein anabolism. 
Together with other findings, e.g. that growth hormone causes a marked 
retention of nitrogen and an increase in the protein content of the carcass 
of treated animals, the hormone may be regarded as a protein anabolic 
agent (1). If this is true, the contrasting results obtained with adreno- 
corticotropic hormone are not surprising. Evidence so far accumulated 
has indicated that adrenocorticotropic hormone is a specifie growth- 
inhibiting agent (1). For instance, adrenocorticotropic hormone enhances 
the urinary excretion of nitrogen and potassium in rats (12) and counteracts 
growth-promoting action of growth hormone (13). It is therefore to be 
expected that adrenocorticotropic hormone elevates the concentration of 
free amino acid in the plasma. This may be due either to a direct protein 
catabolic action of the hormone or an inhibition of the synthesis of tissue 
protein, subjects which need further investigation. 


SUMMARY 


Administration of the anterior hypophyseal growth hormone causes a 
significant decrease in the blood amino acid content in normal and hypo- 


physectomized rats, whereas the adrenocorticotropic hormone elevates the 
blood amino acid level. 
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It was reported previously that coenzyme A contained pantothenic acid 
bound in such a manner as to make it unavailable in microbiological tests (1). 
A liberation of 8-alanine on acid hydrolysis indicated early the presence of 
pantothenic acid, which was confirmed by chick assay (2). While the chick 
assay for pantothenic acid and the §-alanine assay by the yeast growth 
test yielded equivalent amounts of pantothenic acid, the microbiological 
assay for pantothenic acid with Lactobacillus arabinosus was practically 
negative with the intact coenzyme. The problem arose, therefore, how to 
liberate pantothenic acid from the coenzyme. 

Since pantothenic acid itself is very sensitive to any severe treatment 
with strong acid or alkali, the use of enzymatic methods to free the vitamin 
seemed most hopeful. It had been observed variously that the coenzyme 
activity was destroyed enzymatically. It appeared probable that such de- 
struction may be due to the removal from pantothenic acid of attached 
groups which were essential for coenzyme activity, but, on the other hand, 
inhibitory to the utilization of the vitamin by intact microorganisms. A 
very rapid inactivation had been found with preparations of intestinal phos- 
phatase (3) as well as with the pigeon liver extract used in acetylation ex- 
periments (4). Inactivation by intestinal phosphatase was accompanied 
by a complete liberation of organically bound phosphate. Inactivation by 
the pigeon liver extract, however, proved not to be due to a removal of phos- 
phate but to a so far undetermined reaction. A combination of the two 
agents eventually proved necessary for a complete removal from panto- 
thenic acid of all attached groups. After the incubation of coenzyme A with 
intestinal phosphatase and liver extract, the microbiological assay of the 
coenzyme checked well with the results obtained by chick assay and by 
the 8-alanine test with acid-hydrolyzed coenzyme. Only little capacity to 
liberate pantothenic acid in coenzyme was found with clarase, mylase, and 
prostate phosphatase. 

Enzyme Preparations 


Liver Extract—The extract is routinely prepared from acetone powder of 
pigeon liver as described by Kaplan and Lipmann (5). Chicken liver may 


* This work was aided by a grant from the Commonwealth Fund. 
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be used equally well, but very little activity was found with rabbit liver 
extract. The enzyme responsible for the liberation of pantothenic acid is 
relatively unstable. Cooling is, therefore, necessary during the extraction 
and centrifugation. The inactivation of coenzyme as described in the assay 
method has to be omitted because standing at room temperature destroys 
the enzyme rapidly. The enzyme is, however, perfectly stable in the fro- 
zen state and is preserved in a deep freeze for continued use. The extracts 
used in these experiments were prepared by rubbing acetone powder into 
10 times its weight of 0.02 m bicarbonate solution with outside cooling. The 
final extract is obtained by centrifugation for 15 minutes at high speed in 
the cold. 

Intestinal Phosphatase—The procedure of Schmidt and Thannhauser (6) 
is followed essentially. Dr. Gerhard Schmidt has been kind enough to 
make available to us such modifications as were applied more recently: 
Digestion of the intestinal extract with trypsin and toluene at 37° is now 
continued for 1 to 2 weeks, instead of 24 hours, the toluene being renewed 
frequently. Ammonium sulfate precipitation is then carried out as de- 
scribed, followed by overnight dialysis against ammonium acetate-am- 
monia buffer. This enzyme solution contains very little pantothenic acid 
and was found suitable for our experiments. Trypsin does not interfere, 
and it is, therefore, unnecessary to remove it for our purpose. 

A number of experiments were carried out with a highly purified prepara- 
tion kindly given to us by Dr. Gerhard Schmidt. 

Recently a dry preparation of intestinal phosphatase was prepared at 
Armour and Company in Chicago, which corresponds in activity to 
Schmidt and Thannhauser’s crude phosphatase. It was made available to 
us in generous quantities and has been used successfully in our tests. It 
contains only negligible amounts of pantothenic acid. A 2 per cent solu- 
tion of the dry powder was used, containing 20 to 30 units (6) per ml. 

Intestinal phosphatase is strongly inhibited by phosphate (6). There- 
fore, phosphate may not be used as buffer, and the concentration of phos- 
phate in the sample should be kept as low as possible. We buffer our 
solutions with bicarbonate, adding enough to bring the pH to 8 to 8.5, 
which is near enough to the somewhat more alkaline pH optimum of the in- 
testinal phosphatase. 


Enzymatic Inactivation of Coenzyme A and Liberation of Pantothenic Acid 


Preliminary experiments had shown that neither intestinal phosphatase 
nor liver extract alone would satisfactorily liberate pantothenic acid, al- 
although both agents completely inactivated the coenzyme. ‘This finding 
complicated the problem but offered, on the other hand, some clues to 
the constitution of the coenzyme. It appeared that at least two different 
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linkages had to be broken to free pantothenic acid of attached groups 
which prevented independently its utilization as a vitamin in microbiologi- 
cal tests. The chemical aspects of the problem will be discussed elsewhere. 

Separate and Combined Action of Two Enzymatic Principles—Details of 
the pantothenic acid assay of enzymatically treated coenzyme A will follow 
in the paragraph describing the method of pantothenic acid liberation even- 
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Fic. 1. Destruction of coenzyme A by fresh pigeon liver extract. The reaction 
mixture contained 10 ml. of liver extract and 2800 units of coenzyme A in a final 
volume of 67 ml.; incubated at 37°. A relatively large amount of liver extract was 
used in this experiment to match the amount of coenzyme A used. Aliquots were 


taken for assay. 


tually adopted. The microbiological response is used in the following ex- 
periments as a measure of free pantothenic acid. 

Effect of Liver Extract—The autolytic inactivation by liver extract of 
a heat-stable factor necessary for sulfanilamide acetylation was observed 
early in the study of enzymatic acetylation (4). This observation led even- 
tually to the isolation and partial identification of coenzyme A. Some data 
on the inactivation were included in earlier publications, particularly in 
the recent description of the method for coenzyme A estimation (5). The 
gradual destruction of added coenzyme A with time is shown in Fig. 1, 
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from which it appears that it is a relatively slow process. In our routine 
procedure, a 3 hour period of incubation was found necessary. The data of 
Fig. 1 show, further, that the addition of fluoride does not prevent coen- 
zyme A inactivation. Fluoride, however, prevents practically completely 
the liberation of phosphate by the liver extract. In Table I liberation of 
phosphate and of pantothenic acid in the presence and absence of fluoride 
is compared with inactivation with variously treated enzyme preparations. 


TABLE | 
Effect of Pigeon Liver Extract 
Coenzyme A preparations of about 100 units per mg. were used, containing ap 
proximately 9 per cent phosphorus and § to 10 per cent pantothenic acid. 


Coenzyme A Phosphate* Pantothenic acid 
inactivation release liberation 
per ceni per cent per cent 
Fresh extract ; 90-100 25-50 30-50 
"is + 0.05 Mm NaF. 90-100 0 0 
Dialyzed extract ty ae 25 25 25-30 
2 ss + 0.05 m NaF 0) 0 0 
Aged extract 25-50 15-20 


* Phosphate was measured by the method of Fiske and Subbarow (13 


TABLE II 
Effect of Intestinal Phosphatase on Release of Inorganic Phosphate and Pantothenic 
Acid from Coenzyme A 


The composition of the coenzyme A preparations was similar to those in Table I. 


Phosphatase* added Phosphate liberated Coenzyme A inactivation | Pantothenic acid liberated 
mil. per cent per cent per cent 
0.05 90 100 25 
0.10 98 100 28 
0.15 98 100 28 
0.20 100 100 30 


* The highly purified preparation of Dr. Schmidt was used. It contained 50 
units per ml. The samples were incubated for 3 hours at 37°. 


A considerable loss of activity with dialysis and aging indicates the insta- 
bility of the inactivating liver enzyme. This emphasizes its non-identity 
with phosphatase, which is quite stable. 

Effect of Intestinal Phosphatase—In a manner analogous to that with the 
liver enzyme, the functional inactivation with phosphatase is compared 
with liberation of phosphate and pantothenic acid in Table II. The data 
show that increase of enzyme concentration above a certain level does not 
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increase markedly the liberation of pantothenic acid; even at the highest 
level not more than 30 per cent of the total pantothenic acid becomes avail- 
able by dephosphorylation of coenzyme A. The phosphatase used in these 
experiments was a highly purified preparation, and could not have contained 
more than traces of other enzymes. It is suggested by this observation 
that in the microbiological assay the product of dephosphorylation of co- 
enzyme A is only one-third as active as free pantothenic acid. 

Combined Action of Two Enzymes—The data with the two enzymes sep- 
arately indicated that a mixture of phosphatase and liver might liberate 
pantothenic acid completely. Liver extract alone had given up to 50 per 


TaBLeE III 
Comparison of Various Preparations of Liver Enzyme for Release of Pantothenic Acid 
Intestinal phosphatase 0.25 ml.; other preparations 0.05 ml.; pH 8.5. Total 
volume 1.5ml. 3 hours incubation at 37° . 


Liberation of i sinttiaiain 


Total 





ae Excess due to liver 
A. enzyme 

; per ceni | 

Intestinal phosphatase alone................ 20 

+ fresh pigeon liver enzyme.. ae a 90 70 

+ aged pigeon liver extract (4 hes. ., room 


erent 


(Se ATT) hh a ears cee wr, irae 20 | 0 
+ dialyzed pigeon liver extract (24 hrs., 

Bene ks siaerac 30 10 
+ 70% ammonium wallets traation wt freak 

pigeon liver extract................... 39 19 
+ 42% ammonium sulfate fraction of fresh 

pigeon liver extract... 3. ......05...-55 35 15 
+ Taopit liver extract: ..... 6.0.0... 62.006 25 5 


slaneshaeall es ae, Ce Seen eye 92 72 


cent liberation. Such liberation of pantothenic acid was, however, abolished 
by the addition of fluoride which suppressed phosphate liberation. There- 
fore, combinations of intestinal phosphatase and liver enzyme were tested 
systematically. The results of such experiments are shown in Table III. 
The excess liberation due to liver extract measures its activity towards the 
residual linkage in the coenzyme. After inactivation of the liver extract 
by aging or dialysis, neither addition of boiled fresh extract nor of cysteine 
restored activity. Some fractionation with ammonium sulfate was tried 
but not very successfully. It appears, furthermore, from Table III that 
pigeon and chicken liver are about equally active; rabbit, hog, and beef 
liver were only slightly active. 
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The results of the experiments discussed are summarized in Table IV 
which shows that, with suitable amounts of the two enzymes, the full equiv- 
alent of pantothenic acid appears after treatment. This observation sug- 
gested a method for pantothenic acid liberation in coenzyme-containing 
material. 


Procedure 


In mapping out the present procedure, consideration had to be given 
to the relatively large pantothenic acid blank introduced by one of the 
enzyme solutions. It has been mentioned that the intestinal phosphatase 
preparation, fortunately, contained only negligible amounts of pantothenic 
acid. This is not true, however, for the liver enzyme. The 0.05 ml. of 
fresh pigeon liver routinely used has a content of 0.5 to 1.5 y of pantothenic 


TABLE IV 


Summary of Action of Liver Extracts and Intestinal Phosphatase 


Coenzyme A Phosphate Pantothenic acid 
inactivation liberated liberated 
per cent per cent per cent 
Fresh liver extract.............. 90-100 25-50 30-50 
““ “cc “c + 0.05 M | 
PT BS ok Na letiy Vee a 90-100 0 0 
Intestinal phosphatase.......... 100 100 20-30 
Fresh liver extract + intestinal | 
phosphatase.................:] 100 100 85-95 


acid, mostly in the bound form. The optimum region for the microbiologi- 
cal assay is 0.02 to 0.2 y. 

With a base-line of about 1 y, the sample to be assayed should contain 
not much less than 5 y of total pantothenic acid. In an emergency it was 
found possible, however, to determine 1 to 2 y with reasonable accuracy. 
The final dilution for the microbiological assay, then, has to be 100- to 
250-fold. The high dilution of the sample for the eventual microbiologi- 
cal test has the advantage of minimizing turbidities in tissue extracts 
which otherwise might interfere with the nephelometric determination of 
the growth response. 

Pantothenic Acid Assay of Coenzyme A-Containing Material—F or the lib- 
eration of bound pantothenic acid, 0.05 ml. of fresh pigeon liver extract, 
0.2 ml. of intestinal phosphatase (= 4 to 6 units (6)), and 0.05 ml. of 0.12 m 
sodium bicarbonate were added to the sample. 5 ml. volumetric flasks 
were used. The volume was uniformly adjusted with water to 1.3 (1 to 
1.5) ml., and the flasks, including the blank with enzymes, were incubated 
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for 3 hours in a water bath at 37°. At the end of the incubation period, 
water was added to the 5 ml. mark. To bring the pantothenic acid con- 
tent within the range of the microbiological assay the samples were then 
further diluted (see the third column, Table V). The diluted samples 
were tested at two levels, 1.0 ml. and 2.0 ml., and the results of the two 
levels were averaged. Table V gives a detailed example of the results of 
such an experiment. 

The pantothenic acid is measured by the method of Skeggs and 
Wright (7), with the medium of Cheldelin e¢ al. (8), with Lactobacillus 
arabinosus 17-5 at two levels in duplicate. The individual samples for 
the microbiological assay were prepared as described by the authors and 
autoclaved for 10 minutes at 120° before inoculation with the organism. 
We found that coenzyme A is not destroyed by autoclaving at neutral 


TABLE V 


Assay of Total and Free Pantothenic Acid 


Pantothenic acid 
Boiled rabbit | Dilution for 


nn liver extract “Sa i = Dilution Per extract | Per ml. liver 

ame factor sample extractt 
ml. Y Y Y 2 
1 0.2 1:12.5 0.065 66.5 4.3 21.5 
2 0.4 1:25 0.063 133 8.4 21.0 
3 0.5 1:25 0.088 133 Rect 23.3 
4 0.7 1:50 0.057 265 15.3 21.8 
5 0.9 1:50 0.072 265 19.1 21.3 
6 Blank 1:25 0.010 133 1-3 


* Corrected for blank. 
+ Free pantothenic acid 0.7 y per ml. of liver extract (determined by direct micro- 
biological assay with 0.1 ml. of liver sample, undiluted). 


or slightly alkaline reaction. The readings were made, after 16 to 20 
hours incubation, with a Klett colorimeter. The pantothenic acid values 
were read from a standard curve run with each assay. 

Free pantothenic acid is determined by direct microbiological assay on 
the sample at conveinent levels. 


Comparison of Coenzyme Function and Pantothenic Acid Content in Tissues 


The main purpose of the experiments reported in this paragraph was 
to determine how large a part of tissue pantothenic acid was bound in co- 
enzyme A. Boiled tissue extracts were prepared as described previously 
(5), and particular care was taken to avoid autolysis before boiling the tis- 
sue. The procedure of enzymatic liberation was then used on such tissue 
extracts for pantothenic acid determination. 
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The experiment of Table V, which was presented as an example for the 
procedure, was carried out with samples of boiled liver extract and likewise 
belongs with this series. It showed that, in the fresh tissue, only 3.3 per 
cent of the total pantothenic acid was present in free form. The fact that 
so large a quantity of pantothenic acid was liberated with the method de- 
veloped for pantothenic acid determination in coenzyme A indicated that 
pantothenic acid in liver was present mostly, if not entirely, bound in co- 
enzyme A. An even more convincing test was possible by comparison of 
the pantothenic acid values by microbiological assay with coenzyme ac- 
tivity expressed in our units. It was reported previously (1) that coen- 
zyme A preparations contained, independent of purity, 0.65 y of panto- 
thenic acid per unit. 


TaBLeE VI 
Relation of Coenzyme A Activity and Pantothenic Acid Conten. .n Organs of Rabbit 
All values are given per gm. of wet weight of tissue. 





Pantothenic acid 


| ~ 
Coenzyme A Bound 


Free Total 
Found §Calculated* 


units Y ¥ ¥ y 
Mes Pardo ticree cla cian sikeicid ox 112 12 | @& 74 73 
RMN ie hehe cis sade oars eee ota 26.4 eee fee”) 17 17 
NN hin sp agcharee eas 49.5 2.7 45 42 32 
Brain (cortex)...... 40.5 3.0 18 15 26 
Testes...... 25.6 6.0 20.4 14 17 
Muscle (skeletal)... if 6 5.1 9.9 5 4 


* Calculated by multiplication of the unit value by 0.65, the average panto- 
thenic acid content in micrograms of a unit of coenzyme A. 


Experiments were carried out, therefore, to compare coenzyme activity 
and pantothenic acid content in various tissues. The data obtained are 
reproduced in Table VI. Again free pantothenic acid generally is only a 
small fraction of the total pantothenic acid. Only muscle appears to con- 
tain a larger quantity, about 50 per cent, of free pantothenic acid. In the 
two last columns of Table VI bound pantothenic acid is compared with 
coenzyme units. The pantothenic acid equivalent of the unit values is 
obtained by multiplying by 0.65, the average pantothenic acid content in 
micrograms of a unit of coenzyme A. The correspondence between pan- 
tothenic acid bound as calculated and determined is reasonably good. Only 
brain shows a lower value of bound pantothenic acid than would be ex- 
pected from unit determination. This may be due to a considerable tur- 
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bidity blank in the case of the brain, even with high dilutions, in the 
microbiological assay. 

The same correspondence of liberated pantothenic acid and coenzyme A 
content is found in bacteria. In Table VII such dataare similarly arranged; 
again the calculated and determined values for pantothenic acid corre- 
sponded very closely. Some of such data had been mentioned in an 
earlier publication (9). 

A further proof for a binding of most or all of the pantothenic acid in 
coenzyme A is given in the experiment represented in Table VIII. Here 


TaBLe VII 
Pantothenic Acid-Coenzyme A Relationship in Some Representative Bacteria 








Pantothenic acid 





Coenzyme A | 7 iy Bound 








| 
| Free Total TR —--- 
| | Found | Calculated* 
units per gm. | ¥ ¥ | 7 | ¥ 
Lactobacillus arabinosus (de- | 
PM iii ie | 54 7 40 | 33 | 35 
Propionic acid bacteria........ 410 | 52 330 | 268 268 


* From coenzyme A unit value, as indicated in Table VI. 








Tasie VIII 
Changes of Coenzyme A Activity and Free Pantothenic Acid during Liver Autolysis 
The values are given per gm. of fresh tissue. 





er Free pantothenic Liberated pantothenic acid 








acl Coenzyme A disappearing 
units + ne 
Fresh...... : 45 0 
After autolysis... ro 12 | 22.5 
a ain Sa Ses as ace | oom —— 








| —33 | 422.5 22.5/33 = 0.68 


free pantothenic acid and coenzyme A activities were compared in fresh 
and autolyzed liver. A liberation of pantothenic acid by liver autolysis 
was very early recognized by Williams (10). In our experiment the liver 
was removed as fast as possible after the animals were killed, and a sample 
was taken at once and immediately boiled. The rest of the liver was then 
incubated in a moist chamber for 3 hours at 37°, and samples were taken 
after autolysis. Determination of the coenzyme activity before and after 
autolysis shows that 73 per cent of the coenzyme was destroyed. The dis- 
appearance of coenzyme was accompanied by an appearance of considerable 
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amounts of free pantothenic acid. A closer comparison of coenzyme A 
which disappeared and liberated pantothenic acid gives an indication how 
much of the latter had been derived from coenzyme A. It is shown in the 
last column of Table VIII that 0.68 y of pantothenic acid was liberated 
for every unit of coenzyme A disappearing, while 0.65 y of pantothenic 
acid had been found per unit of isolated coenzyme A. 


DISCUSSION 


In a recent review of the microbiological assay of pantothenic acid, 
Jukes (11) summarizes the previous efforts to liberate the vitamin in 
natural materials and to make it available to the microorganism. Par- 
ticularly with yeast, liver, and similar sources there remained the impres- 
sion that the problem was never solved satisfactorily. The microbiologi- 
cal return of pantothenic acid never reached the levels obtained in the 
chick test whatever enzyme or enzyme mixture was used for its libera- 
tion. It was suggested that the results may indicate a linked form of 
pantothenic acid which was not available in the microbiological assay. 
During our recent work with coenzyme A, we became very well ac- 
quainted with a compound which contained pantothenic acid bound in 
just such a manner. The pantothenic acid bound in intact coenzyme A 
appeared practically unavailable to living microorganisms (1). In the 
chick test, however, the coenzyme returned most or all its pantothenic 
acid (2). In the attempts to liberate, for microbiological assay, panto- 
thenie acid from coenzyme A, we inadvertently obtained, at the same 
time, a reliable method for microbiological determination of pantothenic 
acid. This is indicated in the results reported here, but it appears still 
more clearly in a comparative study by Neilands and Strong (12) on a 
great variety of food materials, comparing the yield of pantothenic acid 
by the earlier mylase method (older treatment) and by our present en- 
zyme mixture. Although, against untreated samples, mylase treatment 
increased the yields, with the mixture of liver enzyme and intestinal 
phosphatase up to 4 times more pantothenic acid appeared, particularly 
from animal materials. These results are in accord with our experience 
on the treatment of coenzyme A with mylase or clarase. We find that 
very little, if any, pantothenic acid was liberated from intact coenzyme. 
If coenzyme A, however, had already undergone preliminary autolysis, 
clarase and mylase tended to split out more pantothenic acid. As will 
be reported in more detail elsewhere, fragments of coenzyme A may be 
attacked by mylase and clarase, while the intact coenzyme is stable with 
these enzymes. 

These observations already indicated that a large fraction of tissue pan- 
tothenic acid was bound in coenzyme A. It is well known that some vita- 
mins appear in a variety of coenzymes, while others seem to be present in 
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only one metabolically active form. It appeared, therefore, important to 
explore how far pantothenic acid could be identified quantitatively with 
coenzyme A. For this purpose values for the coenzyme unit were com- 
pared with those for the pantothenic acid by use of the previously re- 
ported factor of 0.65 y of pantothenic acid per unit of coenzyme A. 
The practical identity of calculated and found values of bound panto- 
thenic acid in liver and the general close correspondence indicate that 
pantothenic acid appears in living cells largely, maybe only, in one met- 
abolically active form. 


SUMMARY 


1. The enzymatic inactivation of coenzyme A is compared with the 
liberation of pantothenic acid and inorganic phosphate; with intestinal 
phosphatase only about one-third of the pantothenic acid is liberated 
with complete dephosphorylation and inactivation. With pigeon liver 
extract complete inactivation is parallel with partial liberation of panto- 
thenic acid and phosphate; phosphate, as well as pantothenic acid, liber- 
ation may be suppressed by fluoride without effect on functional inacti- 
vation of the coenzyme. 

2. A mixture of intestinal phosphatase and fresh pigeon liver extract 
liberates practically all of the pantothenic acid from coenzyme A, and 
makes it available for microbiological assay. A procedure is described for 
microbiological determination of pantothenic acid in coenzyme A-contain- 
ing material with this enzyme mixture. 

3. A close correspondence is found between the determined pantothenic 
acid content and the pantothenic acid equivalent of coenzyme A activity 
for animal tissues and other living cells. It is concluded that most, 
possibly all, cellular pantothenic acid is bound in coenzyme A. 
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THE APPLICATION OF PAPER PARTITION CHROMATOG- 
RAPHY TO STEROID ANALYSIS 


I. KETOSTEROIDS 


By ALEJANDRO ZAFFARONI, ROBERT B. BURTON, ano E. HENRY 
KEUTMANN 
(From the Departments of Biochemistry and Medicine, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication August 9, 1948) 


Paper partition chromatography, originally devised by Consden, Gordon, 
and Martin (1) for separation of amino acid mixtures, has been adapted 
previously for several other classes of compounds (2-10). The method de- 
pends upon differences in the relative solubilities of compounds in the com- 
ponents of a two phase solvent system. One phase, stationary, is formed 
by water bound to the cellulose fibers of ordinary filter paper. The other, 
moving, is an organic solvent immiscible with water. It is allowed to 
move by capillarity along the paper past a point upon which the mixture 
to be analyzed has been placed. Each compound moves to a characteristic 
position revealed by a color reaction performed after the development and 
drying of the chromatogram. 

Certain properties of the steroids render analysis by this method difficult. 
Some of them have extremely low solubilities in water and they do not lend 
themselves readily to the production of colors with non-corrosive reagents. 
In a preliminary report (11) we have indicated that these obstacles can be 
overcome in the case of many ketosteroids by formation of hydrazones 
with Girard’s Reagent T (12) prior to chromatography. In this manner 
the water solubilities of the compounds are greatly augmented, and highly 
reactive quaternary nitrogen groups are made available for the produc- 
tion of colors with alkaloid reagents. Isomeric differences cannot be de- 
tected by this method and, furthermore, certain carbonyl groups do not 
seem to form stable hydrazones. 

Materials— 

1. Ketosteroids' were used as supplied without further purification. 

2. Filter paper. Whatman No. 1. 

3. Girard’s Reagent T (trimethyl acet-hydrazide ammonium chloride) was 
obtained from the Eastman Kodak Company. It was purified periodically 
by recrystallization from absolute ethanol and stored in a desiccator. 

' Crystalline ketosteroids were generously supplied by Dr. C. D. Kochakian of the 


Department of Physiology and by Dr. E. Oppenheimer and Dr. C. R. Scholz of Ciba 
Pharmaceutical Products, Inc. 
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4. Absolute methanol was prepared as follows: Baker’s c.p. absolute meth- 
anol was allowed to stand in contact with magnesium foil for 24 to 48 hours. 
The methanol was then distilled off and stored in a glass-stoppered bottle. 

5. Methanolic acetic acid. A solution of glacial acetic acid, 10 per cent 
by volume, in absolute methanol was prepared at weekly intervals. 

6. n-Butanol, acid-free redistilled. 

7. Potassium iodoplatinate. 5 ml. of 5 per cent platinum chloride in | 
hydrochloric acid, 45 ml. of 10 per cent potassium iodide, and 100 ml. of 
distilled water were combined, and the solution was stored in a dark, glass- 
stoppered bottle. 

8. Kraut-Dragendorff reagent. A solution consisting of 4 gm. of bismuth 
subnitrate in 23.5 ml. of nitric acid (specific gravity 1.18) was added slowly, 
with constant stirring, to a solution of 13.6 gm. of potassium iodide in 25 
ml. of water. The orange-red solution was placed in the cold for 2 hours. 
Precipitated crystals of potassium nitrate were filtered off and the filtrate 
diluted to 200 ml. with water. The solution was allowed to stand for 30 
minutes. The fine black precipitate which appeared was removed 
by centrifugation. The clear orange supernatant was stored in the dark. 

9. Tollens’ reagent. Equal volumes of 0.1 N silver nitrate and 5 N am- 
monium hydroxide were mixed shortly before use. 


Formation of Hydrazones with Girard’s Reagent T 


Method A—A convenient quantity of ketosteroid (usually 2.5 to 5.0 mg.), 
twice this weight of Girard’s Reagent T, and 2 ml. of the alcoholic acetic 
acid solution were introduced into an all-glass refluxing apparatus protected 
against moisture by a tube containing anhydrous calcium sulfate. The 
solution was refluxed over steam for } to 1 hour and after cooling was stored 
in a well stoppered vial in a refrigerator. It was found in model experi- 
ments with androsterone that 93 per cent of the steroid was converted to 
the hydrazone by this method. This was determined by estimating the 
steroid content of the so called “‘ketonic” fraction by a modification? of the 
method of Langstroth and Talbot (13). The derivative was stable even at 
room temperature for at least 2 weeks. 

Method B—An alternative method, in which the ketosteroid, Girard’s 
Reagent T, and acidified methanol were incubated at 40° for 2 hours, was 
used more recently. 

Separate samples of androsterone, testosterone, A‘-androstenedione-3,17, 
and pregnanol-3(a)-one-20 were converted to hydrazones by each of the 
two methods. Aliquots of the individual preparations corresponding to 25, 

295 per cent ethanol (aldehyde-free) was used to dissolve the steroid, m-dinitro- 


benzene, and potassium hydroxide, and 10 ml. of 80 per cent ethanol were used to 
dilute the reaction mixture after incubation for 60 minutes. 
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15, 10, and 5 y of steroid were then run side by side on the same chromato- 
gram. It was found that samples prepared by this alternative method gave 
spots of the same size and intensity as equivalents prepared as described 
for Method A. More precise quantitative evaluation of Method B has not 
been made. The conversion of labile ketosteroids (for example, those hav- 
ing an a,8-unsaturated ketone group) to their corresponding Reagent T 
hydrazones should be carried out in a nitrogen atmosphere with Method B. 


Chromatography 

Filter paper strips 6 X 45 em. or sheets 28 * 40 cm., respectively, were 
used, when the orthodox ‘‘descending”’ (1) or the more recent “‘ascending” 
method (14) of development was employed. A volume of the solution to 
be analyzed, containing about 20 y of each steroid, was applied to a point 
6 cm. from one end of the filter paper. It is important that the area to 
which the solution is applied be not greater than 0.5 em. in diameter. 
When the original area was larger than this, the sharpness of the developed 
chromatogram was impaired. After air drying, the paper was developed 
at room temperature with water-saturated n-butanol in a gas-tight glass 
chamber, the atmosphere in which was kept saturated with respect both to 
water and to n-butanol. After the moving solvent had run the desired 
distance (25 to 30 cm.), the paper was removed and the solvent front 
marked. The paper was dried at room temperature, quickly immersed in 
the iodoplatinate solution, and then washed in water until only faint back- 
ground color remained. When the Kraut-Dragendorff reagent was em- 
ployed, a dilute aqueous solution of hydrochloric acid (about 0.05 N) was 
substituted for the wash water. After treatment with iodoplatinate or 
iodobismuthate reagent, the positions of the steroid hydrazones were in- 
dicated by purple or orange spots, respectively. The iodoplatinate re- 
agent has greater stability, is more sensitive, and produces longer lasting 
spots. The Re of each spot (ratio of the distance moved by the solute to 
the distance moved by the advancing front of the liquid) was calculated. 


RESULTS AND DISCUSSION 


In Table I are listed the ketosteroids studied, grouped according to the 
number of carbon atoms they contain and in the order of increasing Rp 
values. Also tabulated are the numbers of the various polar groups present 
(see below). The Ry» values listed are averages of six or more runs by the 
ascending method of development. When run by the descending method, 
the Ry values were approximately 10 per cent greater. 

Variation in the Rp value of identical amounts of the same steroid in 
separate runs was found to be +10 per cent. The factors responsible for 
this effect have been discussed by Consden et al. (1). In addition we found 
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that, when hydrazones of low mobility were chromatographed, the 
Ry values increased slightly as larger amounts of steroid were employed. 


TaBLe | 
Ry Values of Ketosteroid-Reagent T Hydrazones Chromatographed in n-Butanol by 
Ascending Method 


No. of polar groups 


I Carbonyl 
Steroids (m.p.) Rr F ypc tall . Hy 
Reagent droxy 
bound 
Pregnanol-5-trione-3,6,20 (265-267°) * 0.00 2I 2 l ] 
17-Hydroxyprogesterone (196-203°) .| 0.06 | 21 2 l 
Pregnanetrione-3, 12,20 (199-201°)7 a” ssf O10 23 2 
Progesterone (125-128°).. oo «| Ota | 2 2 
A‘-Pregnenetriol-17 (a) ,20,21-one-3 (223-229°) 0.35 | 21 1 3 
Pregnanediol-3(a@) ,12(a)-one-20 (170-171°) oc OS4 oD 1 2 
Pregnanedione-3, 20 (120-122°)f................. 0.48 | 21 1 1 
Allopregnanedione-3, 20 (189-193°)t So viaou ge Ont oot 1 l 
Ethinyltestosterone (280-285°). 0.51 21 1 l 
Pregnanol-3(a)-one-20 (140-145°) a 0.53 | 2! 1 l 
A’-Pregnenol-3(8)-one-20 (184—-188°) 0.53 | 21 1 | 
Methyltestosterone (150-158°) 0.50 | 20 1 | 
A‘-Androstenedione-3,17 (170-171°) . .| 0.10} 19 2 
Etiocholanedione-3,17 (131-133°)T .ases-| O41 1 1 
Androstanedione-3,17 (129-131°)t isc OAT 19 1 ] 
Androsterone (180-182°)........ es 0.49 19 ] ] 
Isoandrosterone (176-178°) eee 2 et (OSS «99 | l 
Dehydroisoandrosterone (145-146°) edasent OO 19 l l 
Testosterone (154-155°) base 0.49 19 l l 
cis-Testosterone (212-215°) ... .. 0.49 19 l ] 
Etiocholanol-3(a)-one-17 (137-141°) . 0.49 19 ] l 
Androstanol-17(a@)-one-3 (180-182°)t gale 19 l ] 
Androstanone-17 (119-120°) oe 0.59 19 ] 
Androstanone-3 (96-97°)T 19 | 
Estrone (255-263°) so | OEE 18 ] 1 


* The possibility exists that this compound has split off a molecule of water during 
formation of the hydrazone to give an a,8-unsaturated 3-keto group. Its behavior, 
therefore, may be that of a steroid with 3 hydrazide residues of Reagent T. 

t The carbony! at position 3 does not form a hydrazone with Girard’s Reagent T 
(see the text). 


In the case of A*-androstenedione-3,17, for instance, the Ry changed from 
0.10 with 5 y to 0.13 with 25 y. Similar increases in the amount of tes- 
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tosterone or other steroids having comparable movement failed to produce 
significant changes. Because of these many factors influencing the Rr 
value, great significance should not be placed upon its absolute magnitude. 
The more important consideration lies in the relative movement of the 
various compounds. When chromatographed side by side in equal quan- 
tities, this relative movement is constant. The farther a steroid moved in 
the chromatogram the larger was the spot found. In the case of compounds 
moving near Ry 0.10, an elliptical spot approximately 1.5 & 0.9 em. was 
produced if the initial quantity of steroid was 10 y. With a similar quan- 
tity of a compound which moved near Ry 0.50, a spot approximately 3.0 X 
0.8 cm. was produced. In all cases the center of the spot was used in cal- 
culating Ry. 

The results tabulated may be largely explained by the following assump- 
tions: (1) Ry is inversely related to water solubility (1). (2) Water solu- 
bility is predominately determined by the number of Reagent T hydrazide 
residues bound to the steroid molecule, and to a lesser degree by the number 
of other polar groups (uncombined carbony! and hydroxy groups). (3) 
Increasing the number of carbon atoms in the molecule decreases its water 
solubility. With the exceptions designated in Tables I and II, compounds 
having the same number of carbonyl groups moved, in general, to com- 
parable positions. When, however, one of these was located at position 3 
without conjugated unsaturation, the compound either could not be de- 
tected (as with androstanone-3 or androstanol-17(a@)-one-3) or behaved like 
a compound having one less ketone group. Thus androstanedione-3,17, 
eticholanedione-3,17, pregnanedione-3 ,20, and allopregnanedione-3 ,20 
moved comparably to monoketonic compounds. ‘The polar effect of the 
“uncombined”’ carbonyl group in these cases was reflected by the differ- 
ence in Ry of androstanone-17 and androstanedione-3,17. It is felt that 
3-keto groups, without conjugated unsaturation, do not form hydrazones 
with Girard’s Reagent T sufficiently stable to escape hydrolysis during 
development of the chromatogram.’ The effect of the free hydroxy groups 
was somewhat less marked. This was shown by differences in Ry between 
progesterone and 17-hydroxyprogesterone and among the monoketonic 
pregnanes and pregnenes having 1, 2, and 3 hydroxy groups. The rela- 
tively minor influence of non-polar groups in augmenting movement is 
seen in a comparison of estrone, testosterone, methyltestosterone, and 
ethinyltestosterone. In the same way, acetylation of hydroxy groups de- 
creased water solubility and increased Ry; the Ry of pregnanediol- 
3(a),12(a)-one-20 was 0.46, while that of its diacetate was 0.55. 

It is obvious that isomeric steroids cannot be separated by this method. 


’ Cyclohexanone, a cyclic, saturated ketone, also failed to form a stable hydrazone 
with Girard’s Reagent T. 
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In the study of compounds having low mobility in n-butanol, it may 
prove valuable to alter the organic phase so as to raise its water content 
and thus effect a general increase in Ry values. In Table II are given 
the results obtained when tertiary butanol-n-butanol was substituted for 
n-butanol. 

In the case of the pregnanes and pregnenes having two or more reactive 
ketone groups we have occasionally found faint spots in the position of 
monoketonic compounds. This phenomenon usually occurred with hydra- 
zone solutions which were chromatographed several weeks after preparation. 


TABLE II 
Rr Values of Representative Ketosteroid-Reagent T Hydrazones Chromatographed in 
tert-Butanol-n-Butanol by Ascending Method 


1 volume of tert-butanol, 1 volume of n-butanol, and 1 volume of water were equili- 
brated and the organic phase used for development. 


Steroids | Rr 
RPE ARDF-O-EPIONG 005 DU os «ois oF ocois sie, o'e avy betel black dw wie Demers sal 0.02 
ET -ERWUPORWOUCNONOOPONG... ow. ck ccc ccc ec cvendeaeneescs | 0.16 
| Ra A se re 0:22 
PPORCMCYONG: «5 ccc. 5 oacc as PT AE, Sot a ee 0.28 
A‘-Pregnenetriol-17 (a) ,20,21-one-3............. oid Breet, “aa 0.53 
PregnANGdIOl-3 (a), 12) -ONE-DD sooo icin socks oe kl owe aie me aioe | 0.65 
areal Sb a ete’ dar meena d es IPSS Le SOS 0.70 
PYORNANOl Ge) -ONO=20 . 5. siciecs case sears awd sd asanee ee 0.74 
A‘-Androstenedione-3, 17 HOSE Bie Pg 2 Ae nae 0.18 
Testosterone........ aie eee I ESS. a Mt IY ads Voy Ren RUN 2 fel 0.69 


* The possibility exists that this compound has split off a molecule of water during 
formation of the hydrazone to give an a,8-unsaturated 3-keto group. Its behavior, 
therefore, may be that of a steroid with 3 hydrazide residues of Reagent T. 

T The carbonyl at position 3 does not form a hydrazone with Girard’s Reagent T 
(see the text). 


The amount of steroid hydrazone detectable with the iodoplatinate re- 
agent depended upon the number of molecules of Girard’s reagent linked 
to the steroid. Approximately 5 y of monoketonic steroid could be demon- 
strated after development of the chromatogram. A steroid combining with 
2 or more molecules of Girard’s reagent gave a discernible spot if as little 
as 1 y was used. 

Uncombined Girard’s Reagent T moved to a characteristic position on 
the chromatogram (Ry 0.15). It reacted with the iodoplatinate solution 
to give a gray-blue color which was easily distinguished from the purple 
of the steroid hydrazones. The iodoplatinate was not a sensitive reagent 
for free Girard’s Reagent T; with less than 50 y a spot could not be dis- 
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cerned. With Tollens’ reagent, on the other hand, as little as 5 y of free 
Girard’s Reagent T were detected, and, furthermore, the reagent did not 
react with the steroid hydrazones. This reagent was applied to the chro- 
matogram in the manner described for the iodoplatinate solution. 

Girard’s Reagent T dissolved in acidified methanol was partially decom- 
posed to a product whose Ry in n-butanol was 0.00 to 0.01. It had a bright 
blue color upon treatment with iodoplatinate which distinguished it from 
the hydrazones. The decomposition was especially marked when Reagent 
T was refluxed, as in the formation of hydrazones by Method A. 

In order to determine quantitative recovery of steroid from the chroma- 
tograms the following experiment was performed: Known amounts of andro- 
sterone hydrazone prepared by Method A were chromatographed. Color 
production was omitted. The area of the paper corresponding to the ex- 
pected position of androsterone hydrazone was cut out and extracted re- 
peatedly with 50 per cent aqueous ethanol in a separatory funnel. The 
alcoholic solution was hydrolyzed with hydrochloric acid and the steroid 
was extracted with ether. The androsterone was determined by the modi- 
fied Langstroth-Talbot procedure. Average recoveries of 80 per cent of 
steroid originally present as hydrazone were obtained. 


Comment 


This procedure may prove to be a useful tool in studies involving the 
formation or degradation of carbonyl groups of steroids. A great advan- 
tage lies in the ease with which very small quantities may be detected. 
The conversion of testosterone to A‘-androstenedione-3,17 by liver homog- 
enates (15, 16), for example, has been satisfactorily followed with this 
technique (17). We believe the procedure may be a useful aid in determin- 
ing the homogeneity of fractions obtained in the separation of ketosteroid 
mixtures by adsorption chromatography. 

In preliminary trials the separation of urinary extracts into mono-, di-, 
and higher ketonic fractions appeared to be satisfactory within the limi- 


tations described. The pattern of ketosteroid excretion in a variety of 


endocrine disorders is now being studied by means of this technique. 

There is reason to believe that this technique may be readily applicable 
to carbonyl compounds other than ketosteroids. It may prove useful, for 
example, in the study of tissue aldehydes. 


Summary 
1. The method of partition chromatography on paper has been applied 
to ketosteroids. 


2. The steroids were chromatographed as the hydrazones of Girard’s 
Reagent T. 


3. It was possible tc obtain good separation of individual ketosteroids 
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relative to the number of their carbonyl groups forming stable hydrazones 
with Girard’s Reagent T. 


4. The secondary effect of other groups within the molecule is discussed. 
5. Limitations and possible applications of the procedure are indicated. 


The authors are indebted to Dr. W. H. Strain of the Department of 


Radiology for many pertinent suggestions during this investigation. 
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THE USE OF CONJUGASE PREPARATIONS IN THE 
MICROBIOLOGICAL ASSAY OF FOLIC ACID* 
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Taka-diastase (1) and a preparation of hog kidney enzyme (2) have been 
used routinely to liberate folic acid from its conjugates in the microbio- 
logical determination of the vitamin (3-6). However, Olson et al. (7) 
reported recently that taka-diastase and certain proteolytic enzymes are of 
doubtful value in releasing the vitamin from plant tissues. Hog kidney 
conjugase also does not completely liberate folic acid in every case with 
fresh plant materials (8) or plant extracts (2,9, 10). It has been demon- 
strated that, with homogenates of rat liver, autolysis at pH 7.0 results in a 
rapid increase in the folic acid content (11-13), whereas at pH 4.5 neither 
autolysis of the liver nor digestion of heated samples with hog kidney con- 
jugase causes release of the vitamin (13). Apparently there are bound 
forms of folic acid not hydrolyzable by the conjugase preparations now 
available. According to Luckey et al. (3) no one method could be pre- 
scribed to attain maximum folic acid values in all types of materials. 
Charkey et al. (14) also suggest that there may be more than one form of 
the conjugate present in yeast. 

In spite of the wide-spread occurrence in tissues and organs of enzymes 
capable of converting the conjugated pteroylglutamic acid to the free acid 
(15), there is little information as to whether conjugases differ in respect 
to their mechanism of action. In this communication are reported the 
results of certain preliminary observations which suggest that conjugases 
may vary in their ability to liberate folic acid or folic acid-active substances 
from natural sources. 


EXPERIMENTAL 


Methods—The hog kidney enzyme used in these studies was a clarified 
water extract of hog kidney prepared and stored frozen as described by 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from Swift and Company, Chicago, 
Illinois. 

We wish to thank the Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York, for synthetic pteroylglutamic acid and pteroyltriglutamic 
acid and Parke, Davis and Company, Detroit, Michigan, for crystalline vitamin 
B, conjugate used in these studies. 
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Bird et al. (2). The chicken pancreas conjugase (15, 16) was prepared from 
fresh, frozen chicken pancreas. The pancreas was homogenized with 0.1 
M phosphate buffer at pH 7.0 (2 ml. of buffer per gm. of pancreas) in a 
Waring blendor. The homogenate was allowed to autolyze 24 hours at 
37° and was then centrifuged to remove fat. The extract was transferred 
to tubes and frozen before storage. Homogenates of rat liver were pre- 
pared by the procedure outlined by Olson et al. (13) and were used at a 
dilution of 1:5. Folic acid activity was determined by using Streptococcus 
faecalis and the turbidimetric method of Luckey et al. (17) (the medium 
being modified by the addition of Salts B (18)). Synthetic pteroylglutamie 
acid (Lederle) was used for the standard. 

Liberation of Folic Acid from Yeast Samples with Chick Pancreas and Hog 
Kidney Enzymes—¥or hydrolysis with hog kidney enzyme, 5 ml. of a 


TABLE I 
Folic Acid Content of Yeast Samples 


Sample II. | « : 
Sample I. | Brewers’ eS Sanne tt 
Enzyme used Difco yeast | yeast, dried, |. ~ ge oil i Dried sed 
extract | non-debit- | | YS2St, ried, | Dried yeast 
| Seeail debittered 
y per gm. | y per gm. y per gm. y per gm. 
None 3.8 2.2 1.3 2.0 
Hog kidney enzyme 30.0 13.2 13.2 15.3 
Chick pancreas enzyme 45.0 9.0 9.0 15.0 
” “followed by 125.0 19.0 22.0 16.0 


hog kidney enzyme 


solution or fine suspension, equivalent to 1 to 10 mg. of the air-dry product, 
were added to 5 ml. of MelIlvaine’s disodium phosphate-citric acid buffer 
at pH 4.5 containing 2 ml. of the enzyme preparation. The mixture was 
incubated under toluene at 37° overnight (18 to 20 hours), heated in a 
boiling water bath for 2 minutes, cooled, neutralized to pH 6.8 to 7.0, made 
to a convenient volume, and filtered. Aliquots of the solution were used 
for microbiological assay. The procedure for hydrolysis with the chick 
pancreas conjugase was similar. In this case, however, the sample was 
incubated with 1 ml. of the enzyme preparation in buffer at pH 7.0 for 6 
to 8 hours. When the two enzymes were used successively, the mixture, 
after incubation with the first enzyme, was adjusted to the pH optimum for 
the second enzyme before its addition. Blanks for the enzyme preparation 
were subtracted from the values reported. Table I gives a typical set of 
results obtained. 

It may be observed that, with the exception of Sample IV, successive 
hydrolyses with the two enzymes gave much greater folic acid activity 
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than the employment of either enzyme alone. The same results were 
obtained regardless of which enzyme was used first. It appeared as if 
the two enzymes acted specifically on different types of substrates, although 
it was quite possible that there was some overlapping in the action of the 
two enzymes. 

With Difco yeast extract as substrate and the two enzyme preparations 
as above, the values obtained for folic acid by means of Lactobacillus caset 
and the titrimetric method of Teply and Elvehjem (18) were as follows: 
free folic acid, 3.5 y per gm.; hydrolyzable by hog kidney enzyme, 20.0 y 
per gm.; hydrolyzable by chick pancreas enzyme, 35.0 y per gm.; and folic 
acid hydrolyzable by both enzymes, 93.0 y per gm. While the general 
nature of the results obtained was the same as with Streptococcus faecalis, 
the values were somewhat lower than those obtained with the latter 
organism (Table I). Higher values with §. faecalis have also been reported 
by Fager et al. (8) in various vegetable and plant extracts. Differences in 
the response of the two microorganisms in the folic acid assay have been 
recognized (7) and may arise as a result of variability in their utilization of 
the different forms of folic acid, pteroic acid, or the SLR! factor (19). 
Further studies were confined only to the use of S. faecalis as the test 
organism for microbiological assay. 

Liberation of Folic Acid from Yeast by Rat Liver Enzymes—Since previous 
workers indicated the existence of two enzyme systems in rat liver, acting 
at pH 4.5 and 7.0 respectively (13), trials were carried out with 1 ml. lots 
of rat liver homogenate as the enzyme source and Difco yeast extract (5 ml. 
of solution containing | mg. of yeast extract) as substrate. The incubation 
time was 4 hours in every case; this period was sufficient for maximum re- 
lease of folic acid. In a typical experiment, the results obtained with the 
liver enzymes at pH 4.5, pH 7.0, and at the two pH values successively 
were 40 y, 50 y and 100 y of folic acid respectively per gm. of yeast extract 
after allowing for the blanks obtained by incubating the liver preparations 
alone. The enzyme systems in rat liver presumably correspond to both 
the hog kidney and chick pancreas enzymes. 

Liberation of Folic Acid from Rat Liver Homogenate by Hog Kidney and 
Chick Pancreas Enzymes—In the following experiments, 1.0 ml. of heated 
rat liver homogenate, containing 0.2 gm. of liver, was used as substrate. 
The values obtained by action of the rat liver enzymes are included for 
comparison (Table IT). 

The observations of Olson et al. (13) that maximum liberation of folic 
acid from liver takes place only at pH 7.0 are borne out by these data 
(Table II); at this pH, chick pancreas enzyme releases nearly as much folic 
acid as the liver enzyme itself. Further, the inability of hog kidney 


1 Streptococcus lactis R. This organism is also known as Streptococcus faecalis R. 
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enzyme to free the vitamin from its combination in the liver corresponds to 
that of the liver enzyme at pH 4.5. The values (Sample I) obtained after 
autolysis at pH 4.5 or treatment with hog kidney enzyme at this pH were 
somewhat higher and less consistent than when the samples were collected 
under more rigid conditions of refrigeration (Sample II). Apparently the 
liver enzymes release folic acid rapidly in the intact liver at room tempera- 
ture. 


TABLE II 
Release of Folic Acid from Rat Liver by Conjugases 
| 


Folic acid values, 
per gm. liver 





Treatment 
| Sample I Sample II 
Heated liver, unincubated 1.0 0.46 . 
ns ‘“ + hog kidney enzyme, pH 4.5, overnight 1.3 0.43 
i ‘* + chick pancreas enzyme, pH 7.0, 8 hrs. 2.3 
“ ‘* + fresh liver, pH 7.0, 4 hrs. 2.5 
Fresh liver, autolyzed at pH 7.0, 4 hrs. 2.5 2.5 
rz rT) “ cco kk 4.5, 4 «6 1.6 0.50 
" ‘“ a ‘« «4.5 for 4 hrs. and at pH 2.3 


7.0 for 4 hrs. 


TABLE III 


Release of Folic Acid on Incubation of Enzyme Miztures 





Folic acid values 








Sample Sample Sample | Sample | Sample Sample 
y ¥ | * | wv: | 4 | 1 
2ml. hog kidney enzyme, pH 4.5, over- 0.02 | 0.01 0.01 | 0.03 | 0.01 | 0.01 


night | 

1 ml. chick pancreas enzyme, pH 7.0, 8 0.48 | 0.65 | 0.35 | 0.50 | 0.45 | 0.14 
hrs. 

2 ml. hog kidney enzyme + 1 ml. chick 0.65 | 0.92 | 0.40 | 0.61 | 0.50 | 0.22 
pancreas enzyme, pH 4.5, overnight 


Since the liver conjugate is largely hydrolyzable at pH 7.0, it would 
probably appear that this is the form in which folic acid reserve is held in 
the liver. With yeast, evidently there is more than one form of substrate. 

[aberation of Folic Acid from Hog Kidney and Chick Pancreas Enzyme 
Mizxtures—In the course of the foregoing experiments with mixtures of hog 
kidney and chick pancreas enzymes, it was noticed that, in the blanks 
obtained for the enzymes alone, the folic acid amounted frequently to much 
more than the sum of the values for the individual enzymes. Some of the 
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results obtained with different lots of the two enzyme preparations are 
given in Table III. 

In these experiments, the mixture of enzymes was in each case incubated 
overnight at pH 4.5 before microbiological assay, since this was the pro- 
cedure followed whenever the enzymes were used successively with the 
various natural sources of folic acid compounds studied. Chick pancreas 
enzyme, in addition to giving a high blank for folic acid, obviously con- 
tains a folic acid compound hydrolyzable by hog kidney enzyme at pH 
4.5, thus accounting for the increased folic acid in the mixture of enzymes. 
It was ascertained in one instance (Sample I, Table III) that, when the 
mixture of enzymes was incubated at pH 7.0 for 8 hours so as to correspond 
to the addition of enzymes for successive hydrolyses by hog kidney enzyme 


TaBLe IV 
Folic Acid Content of Some Natural Materials 


| | With chick | With hog 





| beste 
| Untreated | poe | kidney | ——_ 
| y pergm. | vy per gm. | y per gm. | y per gm. 
Dry liver preparation, unknown origin | 0.7 1.5 } Bee 3.0 
Condensed fish solubles, 50% total | 0.04 | 0.20 | 0.12 0.30 
solids | | | 
Dried egg yolk | Olt. | O52 | Oe 0.55 
Whole ‘ I, fresh basis | 0.020 | 0.033 0.030 
ee as | 0.063 | 0.065 0.060 
Spinach, dried 942 | 615 | F8 9.25 
Mustard greens, dried | 0.97 | 4.55 | 4.10 4.75 
Soya flour | 0.46 | 2.55 2.80 3.35 





followed by chick pancreas enzyme, the folic acid content at the end of 
treatment was only slightly higher than the sum of the values for the in- 
dividual enzymes (actually, 0.5 y). Hog kidney enzyme preparations, in 
addition to giving a low blank, do not presumably contain other forms of 
folic acid hydrolyzable at pH 7.0. 

Enzymatic Liberation of Folic Acid from Other Natural Sources—The 
values obtained, by the procedure outlined above, for a few other materials 
are listed in Table IV. In the case of dried liver and condensed fish 
solubles, higher values for folic acid were secured by successive hydrolyses. 
The results with egg samples and with dried greens would suggest that in 
these cases folic acid, or at any rate a large part of it, is present in a form 
which is mostly released by hog kidney enzyme alone and perhaps also by 
chick pancreas enzyme. 

Liberation of Folic Acid from Pteroyltriglutamic Acid and Pteroylhepta- 
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glutamic Acid—With a view to gaining an insight into the mechanism of 
action of the two enzymes, crystalline pteroylheptaglutamic acid (Parke, 
Davis) and synthetic pteroyltriglutamic acid (Lederle) were used as 
substrates for hydrolysis. With the use of 5 ml. lots of solutions of the 
two conjugates (1 ml. = 0.1 y of folic acid) the percentage recoveries of 
folic acid are given in Table V. 

While pteroyltriglutamic acid is completely hydrolyzed by both chick 
pancreas and hog kidney enzymes, it may be seen that the heptaglutamic 
acid is not fully hydrolyzed by either enzyme, the hog kidney enzyme being, 
however, more powerful of the two for this conjugate. The only available 
supply of pteroylheptaglutamic acid was a 10 y per ml. solution and it is 
possible that this solution had undergone some change or degradation into 
other forms not hydrolyzable by hog kidney enzyme. From a qualitative 
point of view, however, these results again emphasize the nature of the 


TABLE V 
Release of Folic Acid from Pteroyltriglutamic Acid and Pteroylheptaglutamic Acid 





Per cent folic acid recovered 


With chick | With hog With both 





Without 





hydrolysis | pore | ak enzymes 
Pteroyl triglutamate..... 4.7 | 94 ' 100 100 
Pteroyl heptaglutamate 1.. bah 130 20 76 105 
" _ Ss ae 6.7 


36 78 92 


differences in the mode of action of the two enzyme preparations. The 
hydrolytic action of chick pancreas enzyme was extended for 24 hours, but 
there was no significant difference in the extent of release of available folic 
acid, thus showing definitely that folic acid is not fully liberated from 
heptaglutamic acid by this enzyme. 


DISCUSSION 


Luckey et al. (3) had observed that, when various hydrolytic methods, 
enzymatic as well as non-enzymatic, were compared, certain treatments 
gave higher values than others for some samples, while the reverse was true 
for others. The values obtained for yeast extract (Difco) by various treat- 
ments were so variable that they concluded it was difficult to determine its 
folic acid content. Bird et al. (2) obtained low results by microbiological 
assay for certain plant extracts as compared to chick assay and suggested 
that conjugase inhibitors might account for this observation. However, 
the fact that different treatments are required to give maximum values 
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for different materials would indicate that the compounds in the folic 
acid group are bound in natural materials by different chemical unions. 

On the basis of the results presented here, it is not possible to outline 
a definite procedure for the use of conjugase preparations which would 
result in the maximum liberation of folic acid in all cases. However, it 
seems definite that conjugases differ in regard to their specificity of hy- 
drolytic action on folic acid-active materials, although a certain amount of 
overlapping may occur. The suggestion of Olson et al. (7) that certain 
folic acid complexes are first degraded to pteroylheptaglutamic acid and 
subsequently to pteroylglutamic acid could account for the observation 
reported here that successive hydrolytic action by more than one enzyme 
does not necessarily result in additive values for folic acid. Only when 
the chemical nature of the conjugates or other folic acid complexes is known 
will it be possible to ascertain whether conjugases, so widely distributed in 
nature, vary in their mechanism of action. Meanwhile it should be pos- 
sible to standardize the conditions of time, temperature, and pH in the 
acidic hydrolysis of materials, first reported by Briggs et al. (20, 21) and 
later by others (22, 3) for the liberation of free folic acid from its bound 
forms. 


SUMMARY 


1. The use of hog kidney and chick pancreas enzymes for the release of 
folic acid from yeast samples resulted in different values for the vitamin 
as assayed microbiologically, with use of either Streptococcus faecalis and 
the turbidimetric method or Lactobacillus casei and the acidimetric method. 
Successive hydrolyses by the two enzymes gave much higher values for 
folic acid than when they were used singly. 

2. Similar differences were observed in the enzymatic hydrolysis of 
yeast extract by the rat liver enzymes at pH 4.5 and 7.0, maximum libera- 
tion of folic acid being obtained by the use of the two enzymes successively. 

3. Rat liver homogenate increased in folic acid content on autolysis at 
pH 7.0 or when hydrolyzed by chick pancreas enzyme, but not on autolysis 
at pH 4.5 or when hydrolyzed by hog kidney enzymes. 

4. It is shown, from data on the enzymatic treatment of a few other 
natural materials and of pteroyltri- and pteroylheptaglutamic acids, that 
conjugases may vary in their ability to hydrolyze different forms of folic 
acid that may occur in plant materials and that therefore their use does 
not necessarily result in maximum folic acid values. 
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THE PROBABLE EXISTENCE OF A COENZYME FORM 
OF BIOTIN 


By HERMAN C. LICHSTEIN 


(From the Department of Bacteriology, University of Tennessee, Knoxville) 
(Received for publication, August 20, 1948) 


It has been demonstrated that biotin is concerned with the enzymatic 
decarboxylation of oxalacetate (1-4), the reversible deamination of aspar- 
tate (5, 6), and the deamination of serine and threonine (5,6). By analogy 
with other vitamins it might be suspected that biotin does not function in 
these reactions as such, but is converted into a coenzyme form. The evi- 
dence outlined below suggests that a coenzyme form of biotin does exist in 
certain natural materials. 


Procedures and Results 


First, as shown in Table I, 10~* y of biotin was required to stimulate the 
aspartic acid deaminase of aged cell suspensions of Proteus vulgaris rendered 
deficient by the techniques previously employed (1, 5, 6). 1 7 of yeast 
extract (Difco) had equivalent activity. Microbiological assay of un- 
treated yeast extract for biotin with Saccharomyces cerevisiae (7) revealed 
that 1 y of yeast contained only 10~* y of biotin. Therefore, the yeast 
extract was approximately 100-fold more active than could be accounted 
for by its assayable biotin content. 

Second, by grinding vacuum-dried preparations of cells of Escherichia 
coli (Gratia strain) it has been possible to obtain a cell-free preparation of 
aspartic deaminase in a partially resolved state. These preparations are 
not stimulated (as shown in Table II) by biotin alone, but can be activated 
by biotin and adenylic acid (adenosine-5-phosphate), and by yeast extract. 
In Preparations A and B, the biotin plus adenylic acid was initially as effec- 
tive as yeast extract, but after refrigeration for 24 hours the preparations 
were activated only by the yeast extract. The activity of the yeast is not 
therefore attributable to its adenylic acid content. The data can be inter- 
preted to mean that during the refrigeration the enzyme system utilizing 
biotin and adenylic acid for activation has been destroyed, while the yeast 
extract maintains its activity because it contains the preformed coenzyme. 
In Preparations C and D the grinding alone has destroyed the ability of 
biotin and adenylic acid to activate the system but yeast extract remains 
effective. 

The following procedure resulted in complete destruction of the stimu- 
latory material. The yeast extract was ashed by incineration, boiled with 
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TABLE [ 
Stimulation of Aspartic Acid Deaminase in Proteus vulgaris by Biotin and Yeast 
Extract 


eer Yeast extract ; 
Biotin per 2 mi. Ammonia nitrogen Ammonia nitrogen 


produced produced 
Per 2 ml. | Biotin*® equivalent 
Y Y ‘) Y 
0 3.8 0 3.8 
1 8.6 
10°! 10.5 
10-* 10.9 1000 10° 9.5 
10° 10.5 100 10-4 9.2 
10-5 4.8 10 10-5 9.6 
10-* 4.2 1 ig” * 9.6 
0.1 1077 4.1 


Cells of Proteus vulgaris grown for 16 hours in media containing 1 per cent each of 
yeast extract and tryptone, 0.5 per cent phosphate, and 0.1 per cent formate. Har- 
vested cells aged in m phosphate, pH 4, at 26° for 30 minutes. Reaction run at 37°, 
pH 4, in 0.5 m phosphate for 30 minutes. 

We are grateful to Merck and Company, Inc., for generous supplies of biotin. 

* Determined by Saccharomyces cerevisiae assay, 1 y = 10~8 y of biotin. 


TaBLeE II 
Aspartic Acid Deamination in Cell-Free Preparations 


Ammonia nitrogen produced 


—— ne No. addi Biotin, Adenylic Biotin + Yeast ex- 
fon 0.05 y per | _ acid, adenylic tract* 0.5 
ml. 50 y per ml. acid mg. per ml. 
Y ss Y Y Y 

A | None 2.4 2.6 2.1 4.5 5.5 

= Refrigerated 24 hrs. 2.1 re 2:2 2.0 6.7 

B None 2.1 7.9 7.9 

“ Refrigerated 24 hrs. 2.0 2.5 6.0 

C | None 3.4 3.8 3.2 4.0 7.0 

D si 3.6 4.0 3.4 4.2 8.9 


Cells of Escherichia coli (Gratia) grown 17 hours at 27° in media containing 1 per 
cent each of yeast extract and pepticase, 0.5 per cent phosphate, and 0.6 per cent 
glucose. Cells harvested by centrifugation, washed once with water, and dried 
in vacuo over Drierite. Dried cells ground in a ball mill 7n vacuo 12 hours, suspended 
in water, centrifuged, and clear supernatant used as cell-free juice. Reaction run 
at 37°, pH 7, in 0.5 m phosphate for 60 minutes; cell-free juice per tube equivalent to 
20 mg. of dried cells; stopped with trichloroacetic acid, centrifuged, and an aliquot 
of the supernatant analyzed for ammonia by nesslerization with a Klett-Summerson 
photoelectric colorimeter. The increase in ammonia over the samples incubated for 
60 minutes without aspartic acid was taken as an index of deamination 

We are grateful to the Ernst Bischoff Company for supplies of adenylic acid. 

* Equivalent to 0.005 y of biotin by assay with Saccharomyces cerevisiae 
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concentrated nitric acid, and with concentrated perchloric acid. This ma- 
terial was then suspended in water, neutralized with sodium hydroxide, and 
diluted to 1 per cent with respect to yeast extract. This solution was com- 
pletely inactive in the stimulation of aspartic acid deaminase in aged cell 
suspensions of Proteus vulgaris, and suggests that the stimulatory material 
is organic in nature. 


SUMMARY 


These results suggest that a coenzyme form of biotin does exist, that 
it is either more active than biotin or not assayable by Saccharomyces 
cerevisiae, and that adenylic acid is somehow concerned with its formation. 
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AN IMPROVED ASSAY FOR A GROWTH FACTOR IN LIVER 
EXTRACTS* 


By U. D. REGISTER, W. R. RUEGAMER, anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, August 23, 1948) 


Previous work (1) has shown that liver contains a factor which produces 
a growth response in rats receiving a ration containing all the known vi- 
tamins. Bosshart et al. (2) have also described a growth-stimulating effect 
of liver in rats fed an otherwise complete diet. Jaffé and Elvehjem (3) and 
later Sporn et al. (4) described assay procedures for this factor. They ob- 
served a growth response of 5 to 10 gm. per week for periods of 3 to 5 weeks 
when liver preparations were given, but this response was not sufficient for 
a completely satisfactory assay. 

The present work was undertaken to improve the assay procedure and 
to study possible relationships between this factor and the antipernicious 
anemia factor found in liver. 

Ershoff (5) and Betheil et al. (6) have reported that liver completely 
counteracts the retardation of growth observed in immature rats when fed 
a diet high in thyroid. From a study of previous results (3, 4) it was ob- 
served that some of the rats on the basal ration grew as well as those on 
the supplemented ration. These data indicate that some of the rats had 
sufficient stores of the factor in question to grow normally to maturity, 
while those giving a response to liver suffered from a border line deficiency. 
It appeared possible that feeding thyroid or a thyroid-active substance as 
a supplement to the basal ration might increase the metabolic rate of the 
rat sufficiently to cause a greater requirement and thereby allow a more 
rapid depletion of the factor. 


EXPERIMENTAL 


Male, weanling rats (Sprague-Dawley) weighing between 40 and 50 gm. 
were used in all the experiments. They were kept in individual cages and 
were given ad libitum distilled water and the corn-soy bean meal ration 


* Published with the approval of the Director of the Wisconsin Agricultural Exper- 
iment Station. Supported in part by a grant from the Research Committee of the 
Graduate School from funds supplied by the Wisconsin Alumni Research Foundation. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for crystalline 
vitamins, to Dr. B. L. Hutchings of the Lederle Laboratories Division, American 
Cyanamid Company, Pearl River, New York, for synthetic folic acid, and to the 
Abbott Laboratories, Inc., North Chicago, Illinois, for experimental liver extracts. 
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described earlier (3). The ration has the following composition: whole 
ground yellow corn 46.35, commercial soy bean meal 46.35, corn oil (Ma 
zola) 5, cystine 0.3, CaHPO, 0.92, CaCO; 0.6, iodized sodium chloride 
0.44, and MnSO,-4H;0 0.04 in gm.; thiamine 0.3, riboflavin 0.3, niacin 2, 
pyridoxine 0.2, pantothenic acid 2, folic acid 0.025, biotin 0.01, inositol 10, 
choline 100, and p-aminobenzoic acid 25 in mg. 

Vitamins A and D were administered as oleum percomorphum diluted 
1:4 with corn oil and fed at the rate of 2 drops per week. Five rats were 
used in each group. Typical figures for the average weekly gain in weight 


TABLE | 
Effect of Liver Preparations on Growth of Rats Receiving Basal Ration or Iodinated 
Casein Ration 


Ration U. S. P. unit Liver preparation ie 
a Sha 4wk. period 
gm. 
[OS See e 29 
see ese Mihara § acaba Sates l Reticulogen (Lilly) * 10 
Pe ar too 0.5 = 3 40 
‘* + iodinated casein 21 
«+ "7 a ] teticulogen 37 
- + ie e 0.5 i 4 
? + 4 re 0.05 si $2 
ee ao - “a ] £-567 (Abbott)? 38 
+ re “ 0.5 E-567 ui 35 
ie < = ] E}-1125 ji t 26 
se " “ l Armourt 39 
e+ a ” | K}-1043 (Abbott) 18 
re a < es 0.5 -1043 ss 20 
+99 


U.S. P. units per cc 
+15U.S8S. P. units per ec. 


of rats on this ration and on the same ration when they received liver ex- 
tract are given in Table Il. When 0.06 per cent iodinated casein! was added 
to the basal ration, a definite decrease in growth rate was observed. I 
the rats on this ration were given the same liver preparations, the gain in 
weight was equal to that obtained with the original basal ration. ‘There- 
fore the addition of iodinated casein allowed a greater difference in growth 
between the negative and positive controls. Recent work has shown that 
optimum levels of iodinated casein may vary with the season of the year. 

‘Supplied by Dr. W. R. Graham, Cerophyl Laboratories, Ine., Kansas City, 


Missouri. (According to their analyses the protamone contained 3.07 per cent 
thyroxine.) 
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During the summer months better results may be obtained when 0.1 per 
cent of iodinated casein is used. 

All liver preparations were administered intraperitoneally in amounts 
equivalent to 1 U.S. P. unit or less per day. The injections were actually 
made every other day but the levels are expressed as equivalent units per 
day. It is apparent from the results summarized in Table I that several 
preparations, including reticulogen (Lilly), an Abbott preparation, and an 


EK PERIOD 


FOR 4 WE 


IN GRAMS 


GAIN 


TOTAL 





0 0.05 0.1 0.15 


USP UNITS RE TICULOGEN SUPPLIED DAILY 


Fic. 1. Growth response in rats given graded doses of reticulogen 


Armour preparation, gave maximum growth. However, certain prepa- 
rations failed to produce a significant response. 

In future studies reticulogen (Lilly) was chosen as a standard and graded 
levels were given to separate groups of rats placed on the iodinated casein 
ration. The results are presented in Fig. 1. It appears that the best assay 
range falls between 0.025 and 0.1 U.S. P. unit daily. The level of 0.15 
unit gave only a slightly better growth than the 0.1 level and the growth 
at this level was equal to that obtained earlier with 0.5 unit. Although 
graded responses were obtained with this procedure, the method was time- 
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TABLE II 
Response of Rats to Liver Preparations after 4 Week Depletion Period 


Daily supplement ; 
y pp Average gain 


Ist wk 

U.S. P. unit Preparations used 
gm. 
None 17 
1 Reticulogen 44 
0.5 es 45 
0.1 " 45 
0.05 bs 35 
1 E-1125 (Abbott) 15 
1 | E-1126 (Armour) 48 
| Alcohol extract of fish solubles,* 2% 29 
sie a 6% 44 


* Added to ration. 


TABLE III 


Comparison of Rat Growth Units in Commercial Liver Preparations and Antiper- 
nicious Anemia Units As Shown on Labels 


Average weight gain 


U.S. P. unit 5 ccirpaaeniat tie Rat units per 
per day Liver preparation rs Total gain U.S. P. unit 
gm. gm. 
None None 23 35 
0.1 Reticulogen 42 77 10 
0.05 2 33 59 10 
0.025 * 29 48 10 
0.2 370 (Lilly) 46 82 
0.1 | a 42 75 
0.05 | @70 * 43 69 15 
0.2 Lederle, refined* 43 80 
0.1 ne = 44 78 10 
0.05 | a ee 32 59 10 
0.2 | Armour* 29 50 1.5 
0.1 o 29 43 1.5 
0.05 o 20 33 
0.2 2505 (Sharp and Dohme) 30 59 2.5 
0.1 2505 38‘ Je rs 27 53 2.8 


0.05 | 2505 ‘ = fa 29 47 


*15 U.S. P. units per cc. 


consuming, since it was necessary to inject the samples to be tested over 
a 4 week period. The rats receiving the basal ration continued to show a 
growth of less than 20 gm. per week during the 5th and 6th weeks on ex- 
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periment. However, when an active liver preparation was injected during 
the 5th week a marked growth response was obtained. The values given 
in Table II show that the same relative activity for different preparations 
was obtained by this procedure as by the longer method. Data are also 
included to show that an alcohol extract of condensed fish solubles gave a 
maximum growth response when fed at a high level. 

Therefore, attempts were made to shorten the assay procedure by re- 
ducing the time the rats were maintained on the basal ration before supple- 
mentation was started. The final procedure involves a 2 week depletion 
period followed by a 2 week assay period, during which time the sample is 
administered intraperitoneally on alternate days. When active liver prepa- 
rations were tested by this procedure the rats that received the supplement 
during the 2 week period gained approximately twice as rapidly as the un- 
supplemented animals. 1 rat unit is defined arbitrarily as the quantity of 
the factor necessary daily to produce a growth response of 75 + 5 gm. 
during the 2 week assay period. This rate of growth is approximately 
optimum and is obtained with 0.1 U.S. P. unit of reticulogen used. 

In Table III results are presented for assays carried out on several com- 
mercial liver extracts. In each case the activity obtained in the rat assay 
is compared with the pernicious anemia potency indicated on the label. 

DISCUSSION 

A significant growth response has been obtained in rats fed a diet con- 
sisting mainly of yellow corn and soy bean meal together with iodinated 
casein and the available vitamins when commercial pernicious anemia liver 
extracts are administered. Quantitative responses can be obtained when 
liver preparations are injected on alternate days during a 1 or 2 week period 
after the rats have received the basal ration for 2 weeks. The factor which 
is measured in this assay is probably the same as that studied by Betheil 
etal. (6), although lower levels of thyroid-active material have been used 
in the present study. It also appears that the factor is the same as that 
described by Robblee et al. (7) for the chick. Recently these workers (8) 
have shown that the requirement of a factor in liver and condensed fish 
solubles is higher when the basal ration contains iodinated casein. Some 
of the same preparations have been tested in the chick and in the rat and 
comparable activities have been observed. 

Preliminary fractionation studies have shown that the factor was not 
extracted from an aqueous solution by ether and only to a slight extent 
by butanol. It was precipitated by lead, barium, silver, and mercury salts 
and by phosphotungstic acid. At pH 3 it was adsorbed on fullers’ earth 
but only to a slight extent by Super Filtrol. Although we have not had 
an opportunity to test vitamin By (9), there is no evidence available to 
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indicate that vitamin B,. would not give a response. When the rat growth 
activity of a number of commercial liver preparations was compared with 
the antipernicious anemia activity, as indicated on the label, good corre- 
lation was observed in at least three preparations. Wider variations were 
observed in the other cases but even here the variations were not greater 
than 10-fold. When one realizes the difficulties encountered in the human 
assays, it is not surprising that these variations are encountered. 


SUMMARY 


An improved rat assay has been developed for a growth factor in liver 
extracts. This method is satisfactory for the quantitative estimation of 
this factor in commercial liver preparations. 

Assays have been made on a number of liver preparations and the results 
compared with the U.S. P. antipernicious anemia potency given on the 
label. 
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GLUTAMIC ACID ANTIMETABOLITES: SULFOXIDES AND 
SULFONES DERIVED FROM METHIONINE 
HOMOLOGUES; §-HY DROXY- 

GLUTAMIC ACID* 


By ERNEST BOREK ann HEINRICH WAELSCH 


(From the Departments of Biochemistry, New York State Psychiatric Institute and 
the College of Physicians and Surgeons, Columbia University, New York) 


(Received for publication, August 24, 1948) 


In previous studies, it was shown that the sulfoxide derived from me- 
thionine (MSO) is an effective antimetabolite against glutamic acid in 
the metabolism of Lactobacillus arabinosus, probably by blocking the 
amidation of the amino acid to glutamine (2, 3). The sulfoxide derived 
from benzylhomocysteine is also an effective antimetabolite against glu- 
tamic acid, whereas the sulfoxide derived from ethionine is ineffective in 
comparable concentrations (3). It appeared of interest to study the 
effect on antimetabolite activity of increasing the chain length of the S- 
alkyl substituents. The sulfoxides and sulfones derived from n-propyl-, 
n-butyl-, n-amyl-, and n-hexylhomocysteine were therefore prepared and 
tested. 

A study of the effect of a-aminopimelic acid and of 6-hydroxyglutamic 
acid as antimetabolites is also included in this report. 


EXPERIMENTAL 

S-Alkylhomocysteines—S-n-Propyl-, S-n-butyl-, S-n-amyl-, S-a-hexyl-, 
and S-n-laurylhomocysteine were prepared from S-benzyl-pL-homocysteine 
and the appropriate alkyl bromide according to the method of Dyer 
for the preparation of ethionine (4) (see Table 1). The vields were over 
90 per cent of the theoretical. Isopropyl bromide, tertiary buty! bromide, 
and tertiary amyl bromide did not condense with the sodium mercaptide 
of homocysteine in liquid ammonia. 

Sulfoxides and Sulfones Derived from  S-Al/ylhomocysteines—The 
sulfoxides were prepared by a slight modification of the method of 
Toennies and Kolb (5, 3) and the sulfones by a method of the same au- 
thors (6). (See Table II.) The sulfoxides and sulfones derived from the 
S-n-laurylhomocysteine could not be obtained in analytically pure form. 

DL-a-Aminopimelic acid has been previously prepared from the corre- 

* Supported by grants from the Rockefeller Foundation, the New York Founda- 


tion, and the Williams-Waterman Fund of the Research Corporation. A preliminary 
report has appeared elsewhere (1). 
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sponding oxime (7). We prepared it by treating the condensation product 
of phthalimidomalonic ester and tetramethylene bromide with potassium 
cyanide and subsequently hydrolyzing the resulting nitrile. 

0.2 mole of sodium phthalimidomalonic ester was heated with 1 mole of 
tetramethylene bromide at 160-165° for 3 hours, then at 175-185° for 9 
hours. When cool, the mixture was filtered and the sodium bromide was 
washed with a small amount of alcohol. The combined filtrates were 


TABLE | 


S-Alkylhomocysteines 


Melting point, | N, calcu- | w found 


uncorrected lated 
bs Oe per cent per cent 
S-n-Propyl-pi-homocysteine, C7;H;;SO2N (177.2) 249 7.9 7.9 
S-n-Butyl-pi-homocysteine, CsHi7SO.N (191.3) 254 1.3 1.2 
S-n-Amyl-pi-homocysteine, CyHisSO.N (205.3) 250-252 | 6.8 7.0 
S-n-Hexyl-pL-homocysteine, CipH2SO2N (219.3) 245-248 6.4 6.4 
S-n-Lauryl-pLt-homocysteine, CigH3;3802N (303.4) 212-215 | 4.6 4.5 


TABLE II 


Sulfoxides and Sulfones Derived from S-Alkylhomocysteines 


Melting N, 
Acid point, calcu- | pound 
uncorrected lated a 
as per cent | per cent 
+-n-Propylsulfiny]-pL-a-amino- C7Hi;SO;N (193.2) | 230 (aa | oe 
butyric 
+-n-Butylsulfinyl-pL-a-aminobutyric | CsHi;SO;N (207.8) | 238 6.7 | 6.6 


y-n-Amylsulfinyl-pL-a-aminobutyric CoHi9SO3N (221.3) | 235-238 | 6.3 | 6.3 
y-n-Hexylsulfinyl-pL-a-aminobutyric | CioHaSO;N (235.3) | 232-235 | 6.0 | 5.8 
y-n-Propylsulfonyl-pL-a-aminobutyrie C7H;;SO,N (209.2) | 240 6.7 | 6.6 
y-n-Butylsulfonyl-pL-a-aminobutyrie | CsHi7SO.N (228.2) | 251 6.3 | 62 
+-n-Amylsulfonyl-pL-a-aminobutyrie  CyHipSO .N (287.3) 242-245 5.9 5.8 
>-n-Hexylsulfonyl-pL-a-aminobutyrie | CyoHaSO N (251.3) | 245-248 5.6 | 5.4 


evaporated to dryness in vacuo. The residue was dissolved in 200 ml. 
of ethanol, 40 gm. of KCN were added, and the mixture was heated under 
a reflux with stirring for 20 hours. When cool, the mixture was filtered, 
the precipitate washed with ethanol, and the combined filtrates evaporated 
toa thick syrup in vacuo. The syrup was dissolved in 60 ml. of 95 per cent 
ethanol, 120 ml. of 5 N NaOH were added, and the solution was heated on 
the steam bath for 5 hours until no more ammonia was evolved. The 
solution was cooled to 0° and acidified with 6 N HCl to Congo red. After 
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standing in the ice box for 12 hours, 18.5 gm. of crystalline product were 
obtained. The crystals were hydrolyzed in 100 ml. of 6 N HCl under a 
reflux for 5 hours. After being cooled, the phthalic acid was filtered and 
the filtrate was evaporated to dryness in vacuo. By repeated addition 
and evaporation of water in vacuo the excess HCl was removed. The 
residue was dissolved in 60 ml. of hot water and neutralized with 6 N 
ammonia until the solution was just alkaline to Congo paper. After 12 
hours in the ice box, the crystals of a-aminopimelic acid were filtered off. 
An additional crop was collected after concentration of the mother liquor. 
The pooled crystals were recrystallized three times from the minimal 
amount of hot water in the presence of a small amount of charcoal in the 
first recrystallization: 4.2 gm. of white crystals were obtained with a 
melting point of 219-220° (corrected), which could not be raised by further 
recrystallization (225° (7)).. The over-all yield, based on the amount of 
phthalimidomalonic acid used, was 12 per cent. 


C;Hi;NO,. Calculated, C 48.0, H 7.5, N 8.0; found, C 47.9, H 7.4, N 8.0 


Synthetic 6-hydroxyglutamie acid was kindly supplied by Dr. H. E. 
Carter and Dr. O. Touster of the University of Illinois. It was an un- 
resolved mixture of the four isomers. 

The bacteriological assay was carried out as described previously (3) 
with the medium of Hac, Snell, and Williams (8) and turbidimetric measure- 
ment of bacterial growth. The compounds were dissolved in a previously 
autoclaved culture medium at pH 6.3 and were then sterilized by filtration. 
The lauryl and hexyl derivatives as well as the S-amy! sulfone were too 
insoluble for testing. All comparisons were made at the same glutamic 
acid or glutamine concentration, 0.21 K 107° M. 


RESULTS AND DISCUSSION 


The maximal inhibition produced by each compound is reported in 
Table III. The sulfoxide and the sulfone of ethylhomocysteine were the 
weakest inhibitors in each series. With increasing alkyl chain length, 
however, growth inhibition tends to become more pronounced with both 
the sulfoxides and the sulfones, but none of them approximated MSO 
as an antimetabolite. The inhibition by these homologues, unlike that of 
MSO, is not completely reversed by glutamine (Table IV); apparently 
they affect mechanisms other than amidation as well. 

The titration curves of the sulfoxides and sulfones derived from me- 
thionine and ethionine were obtained the usual way. Since the titration 
curves of the derivatives of methionine and ethionine coincided, it appears 
that the different antimetabolite potency is dependent on some inherent 
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property of the structure other than the dissociation of the functional 
groups. 

a-Aminopimelic acid, like a-aminoadipie acid (3), was found not to 
inhibit bacterial growth in concentrations up to 0.045 M. 


TaBLeE III 
Relative Inhibitory Activity of Sulfoxides and Sulfones Derived from Methionine 


Homologues 
Lt-Glutamic acid, 0.21 mM X 10°. 
Molar ratio, 
Sulfoxides derived from mM X 107% inhibitor-glu- Inhibition 
tamic acid 
= : i) 7 4 ee per cent 
Methionine....... See ere o 7.3 35:1 88 
rg Ree ee enh nd tae Gala eis 9.7 46:1 100 
Ethionine........ OTP Ree ds eae he aren 56 | 260:1 52 
S-Propylhomocysteine.................... 52 247:1 83 
S-Butylhomocysteine..................... 38.6 184:1 56 
S-Amylhomocysteine................ 36 172:1 56 
7 Sulfones dectved teinh 
Methionine Fn OE BE 1a 84:1 72 
Ethionine...... , - , 32.8 156:1 72 
S-Propylhomocysteine oe 30.6 146:1 te 
1 53 


S-Butylhomocysteine 18 85: 


TaBLe IV 
Effect of Glutamine on Growth Inhibition Produced by Sulfoxides and Sulfones 











Glutamic acid | Glutamine Sulfoxides derived from | MX 10% Inhibition 
mah eZ dUmUmUmUmt”t”~”~C~*@SY per cent 
0.21 | Methionine 9.7 100 
0 0.21 i | 9.7 5 
0.21 0 S-n-Amylhomocysteine | 36.0 56 
0 | 0.21 = | 36.0 20 
ae ee ee ee ee, 

| Sulfone derived from | 
PRE ES) VARS RR LEED AR EY 
0.21 | 0 S-n-Propylhomocysteine | 30.6 72 
0 | “ | 
| 


0.21 | 30.6 30 


6-Hydroxyglutamic acid inhibited growth completely in a concentration 
of 0.025 m when the concentration of glutamic acid was 0.00082 m. The 
inhibition was largely overcome either by a 3-fold increase of glutamic acid 
or by a small amount of glutamine (Table V). 
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This result indicates that 8-hydroxyglutamie acid acts by the same 
mechanism as does MSO; 7.e., by an interference with amidation. The 
two compounds resemble each other also in the degree of activity; the 
antibacterial index of the hydroxyglutamic acid was 30 at the glutamic 
acid concentrations tested, as compared with 30 to 50 for MSO (3). They 
differed in one respect: the inhibition by 6-hydroxyglutamic acid was not 
overcome by prolonged incubation. But this difference is more apparent 
than real. The sulfoxide is reduced to methionine during prolonged bac- 
terial metabolism, and thus loses its antimetabolite activity. Evidently 


TABLE V 
8-Hydroxyglutamic Acid As Antimetabolite, 20 Hour Incubation 


| 





1-Glutamic acid Glutamine | wees lutamic | ~~ Inhibition 
= - - - iw a —— a | = 
MX 10% u X 107% | u X 10-* } per cent 
0.82 0.36 0 
0.82 25 0.02 95 
2.4 | 25 0.30 18 
0.55 0.27 25 0.35 3 


8-Hydroxyglutamic Acid As Substitute for Glutamic Acid, 72 Hour Incubation 


L-Glutamic acid | 8-Hydroxyglutamic acid Growth (optical density) 
um X 107-3 ! fay? ‘ ae x 10-3 iy 
0 0 0 
0.82 0 0.47 
0 | 0.74 0 
0 | 1.48 0 
0.41 0 0.41 
0.37 0.39 


the bacteria are unable to alter 6-hydroxyglutamic acid. Further evidence 
for this assumption is the inability of the bacteria to use 6-hydroxyglutamic 
acid as a nutrient either in the complete absence of or in the presence of 
suboptimal amounts of glutamic acid (Table V). 

Since the hydroxyglutamic acid used was a mixture of four isomers, 
it is likely that one of the isomers accounted for most of the activity, as in 
the case of the sulfoxide derived from methionine (9). 

The mechanism of inhibition by hydroxyaspartic acid in Escherichia coli 
appears to be different, for asparagine is no more effective in counteracting 
that inhibition than aspartic acid (10). Both MSO and hydroxyglutamic 
acid appear to be competitive inhibitors acting on the enzyme system, 
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which converts glutamic acid to its amide.'! Studies of antimetabolites on 
intact organisms cannot determine whether the antimetabolite acts by 
interference with an enzyme reaction within the cell or by blocking the 
penetration of the metabolite. Recent observations on the isolated enzyme 
system responsible for the amidation of glutamic acid have shown that 
MSO is a true competitive inhibitor (12). 

Although our studies indicate that glutamine synthesis is an obligatory 
step in the metabolism of certain bacteria, it has recently been shown with 
the aid of alkyl-substituted amides of glutamic acid, which apparently 
block the deamidation of the amide, that free glutamic acid is also neces- 
sary for bacterial metabolism (13). 

This is not unexpected, since glutamic acid and glutamine apparently 
have different functions in metabolism. The amino acid may be con- 
verted enzymatically into the keto acid by deamination or transamination. 
The amide does not participate in these reactions but appears to play a 
role in glycolysis (14), ammonia transport, and possibly protein synthesis. 


SUMMARY 


S-n-Propyl-, n-butyl-, n-amyl-, and n-hexylhomocysteine and_ the 
corresponding sulfoxides and sulfones were prepared and the antimetabolite 
activity of the latter against glutamic acid was compared with that of the 
sulfoxides and sulfones derived from methionine and ethionine. The 
sulfoxide and sulfone derived from ethionine are the weakest inhibitors in 
both series. With increasing alkyl chain length, growth inhibition tends to 
become more pronounced both by the sulfoxides and sulfones. These 
inhibitions, however, are not completely reversed by glutamine. The 
dissociation constants of the sulfoxides and sulfones with the widest diver- 
gence in antimetabolite activity, z7.ec. those derived from methionine and 
ethionine, were found to be identical. 


1 Recently, we reported bacterial growth inhibition by oxalacetate and bicarbo- 
nate which was overcome by traces of glutamine or increased amounts of glutamie 
acid (11). In those experiments, in accordance with others (8), it was found that at 
a glutamic acid concentration of 40 y per ml. Lactobacillus arabinosus grew as well 
at an initial pH of 8 (adjusted before autoclaving) as at lower pH ranges. However, 
there is no growth at all even in 72 hours if the pH is adjusted after autoclaving. The 
discrepancy is due to the large pH change from pH 8 to 7.1 in the medium during 
autoclaving. Traces of glutamine (1 X 10-5) or increased glutamate concentration 
overcome the inhibiting effect of the high pH of the medium. Since we find that the 
bacteria do not grow at these pH levels in media adjusted after autoclaving, the inhi- 
bitory effect of oxalacetate and its decomposition product, bicarbonate, must be 
ascribed to their aikalizing effect. The inhibition by the high pH is overcome not 
only by traces of glutamine and by increased glutamate but also by sulfhydryl 
(cysteine, homocysteine, thioglycolic acid). 
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a-Aminopimelic acid is ineffective as an antimetabolite. 8-Hydroxy- 
glutamic acid is a potent antimetabolite against glutamic acid in Lacto- 
bacillus arabinosus with an antibacterial index of about 30. This inhibi- 
tion is reversed by small amounts of glutamine or increased amounts of 
glutamic acid. This result indicates that 6-hydroxyglutamie acid acts 
like the sulfoxide derived from methionine in blocking the amidation of 
glutamic acid. 


We wish to thank Mrs. E. Wainfan and Mr. H. K. Miller for their able 
assistance during the course of this work. 
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It has long been known that cholesterol esters are formed and broken 
down in the animal body, but little work has been done on the sites and 
mechanisms of these transformations. In 1912, Schultz (6) performed the 
first valid experiments, and showed that cholesterol esters could be hy- 
drolyzed by liver extracts. Repetition of this work by Mueller (4) yielded 
no evidence of hydrolysis, but seemed to indicate a synthesis of cholesterol 
esters from free cholesterol on incubation. 

Shope (7) in 1928 tested extracts of guinea pig tissues, with use of the 
natural cholesterol ester in serum as a substrate, and found that all tissues 
showed some hydrolytic activity, although liver, kidney, and muscle were 
the most active. His work was criticized by Sperry (8), who had demon- 
strated a cholesterol-esterifying system in blood serum. In the absence of 
non-incubated control levels of cholesterol in Shope’s work, it was just as 
plausible to suggest an inhibition of normal serum-esterifying activity by 
tissue extracts as to postulate a hydrolytic system for cholesterol esters in 
the extracts. ‘The possibility of the simultaneous existence of both es- 
terifying and hydrolytic systems was not advanced. 

Klein, in an accurate study of esterase activity of tissue extracts (2), 
found that, at pH 5.3, saline extracts of liver would split 70 to 85 per cent 
of the serum cholesterol esters in 15 hours. Such activity was noted in 
liver, spleen, kidney, adrenal, and intestinal mucosa. At this pH, the 
esterifying system of the serum itself is inactive. 

Two important papers have appeared pointing to a possible rdéle of the 
intestinal wall. In the first of these, Mueller (5) showed that the lymph of 
cholesterol-fed dogs contained a constant ratio of free to esterified choles- 
terol, regardless whether the lipide was fed in the free or esterified form 
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partial fulfilment of the degree of Doctor of Philosophy in Biochemistry in the Grad- 
uate School of the University of Southern California. 
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This was evidence for the existence of both esterifying and hydrolytic 
enzymes, either in the gastrointestinal secretions or in the intestinal wall. 
Secondly, Fréhlicher and Siillmann (1) observed a marked absolute increase 
in the cholesterol esters of canine chyle after feeding cholesterol in triolein, 
although the relative proportions of free and esterified cholesterol varied 
widely. 

In view of these scattered but significant data, it has seemed valuable to 
us to attempt a study of the systems responsible for formation and hy- 
drolysis of cholesterol esters in the rat. We have found that there are two 
opposing systems which are not different aspects of one reversible process. 
The apparent activity of any given crude preparation represents the 
balance between two distinct reactions. 


Methods 


Tissue Extracts—Male albino rats from our stock colony were used, and 
ranged in weight from 250 to 350 gm. Except in the experiments noted, 
they were kept on the regular stock diet previous to use. ‘The animals 
were anesthetized with nembutal and the tissues promptly removed and 
chilled in ice water. The livers were rinsed and the intestines were slit 
and washed in cold water before being ground with sand in a mortar with 
an equal weight of 0.9 per cent sodium chloride solution. The crude extract 
was centrifuged lightly and the supernatant liquid poured off through 
gauze for immediate assay. 

Assay Techniques—Assays were carried out in 15 ml. test-tubes contain- 
ing 0.5 ml. of tissue extract, 0.5 ml. of 0.05 m succinate or phosphate buffer 
of such a pH that the final value was 6.5, and 1.0 ml. of the substrate. 
The substrates, cholesterol and cholesterol palmitate, were prepared either 
in dioxane solution or in colloidal aqueous suspension. ‘These devices 
were necessary because of their extreme insolubility in water. ‘The pres- 
ence of 50 per cent dioxane in the mixture during incubation did not seem 
to inhibit enzyme activity, as judged by comparison with the activity 
against aqueous colloidal substrates. 

The assay tubes were stoppered and placed in a 37° incubator for 8 to 
18 hours before extraction and determination of cholesterol. All assays 
were done in duplicate. 

Preparation of Colloidal Suspensions—Cholesterol or cholesterol palmi- 
tate was dissolved in warm acetone, and this solution was poured dropwise 
into rapidly boiling water, with constant stirring. The final suspension 
was allowed to cool before filtering through paper. 

Cholesterol Determination—The assay tubes, containing 2.0 ml. of solu- 
tion, were extracted with 10.0 ml. of a 3:2 alcohol-ether mixture, added 
forcibly from a calibrated syringe. The restoppered tube was allowed to 
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stand for 10 minutes, centrifuged quickly, and suitable aliquots taken 
into 15 ml. centrifuge tubes for the determination of free and total choles- 
terol. The following method is a modification of the original Schoen- 
heimer and Sperry method as proposed by Chaney.! 

All aliquots were evaporated to dryness at 60° by means of a gentle 
stream of air, and redissolved in 3 ml. of 1:1 acetone-alcohol mixture. The 
samples for total cholesterol were hydrolyzed with 2 drops of 30 per cent 
aqueous KOH at 60° for 30 minutes, then made acid to phenolphthalein 
with 15 per cent acetic acid. 1 ml. of 0.5 per cent digitonin in 50 per cent 
alcohol was added to all tubes, and they were then incubated at 35° for 3 
hours. The digitonide was well packed by centrifugation, the supernatant 
carefully decanted, and the precipitate washed with 3 ml. of anhydrous 
ether. The mixture was again centrifuged and the ether decanted. The 
precipitates were dried at 60° and dissolved in 0.5 ml. of glacial acetic acid. 
3 ml. of chloroform were added, and the stoppered tubes warmed to 35° in a 
solid aluminum test-tube block equipped with a heater and thermostatic 
control. Then 1.0 ml. of color reagent was added to each tube. (This 
color reagent was prepared by adding 1 part of concentrated H:SO, to 9 
parts of acetic anhydride cooled in an ice bath.) After exactly 10 minutes 
at 35° the tubes were transferred to the ice bath for another 10 minute 
period. They were then read in the Klett colorimeter against a reagent 
blank, with a 660 mu filter. 

We have found that with this technique duplicate determinations of 
up to 0.6 mg. of cholesterol consistently check within 0.01 mg. 


RESULTS AND DISCUSSION 


Liver—Both esterification of free cholesterol and splitting of cholesterol 
esters have been demonstrated in saline extracts of rat livers. As may 
be seen by comparison of the data in Tables I and II, which show the 
activity of the same extracts in both systems, it is impossible to tell before- 
hand which will be the predominant reaction in any given crude extract. 
Therefore, since we presumably have present two opposing systems, the 
data can be interpreted only in a qualitative rather than a strict quantita- 
tive sense. Nevertheless, with the figures contained in Tables I and II, 
several facts can be discovered regarding these systems. 

It is immediately apparent from Table I that some component of soya 
lecithin augments the action of the hydrolytic system. The réle of the 
added lecithin cannot be to render the substrate soluble, for both cholesterol 
and cholesterol esters are completely soluble in the final 50 per cent dioxane 
mixture at the concentrations used. 


‘Chaney, A. L., unpublished work. 
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Hydrolytic action can occur in either phosphate or succinate buffers, 
but the esterification system seems to function better when phosphate ion 
is added. This is shown by Experiments 408 and 430 of Tables I and II, 
which are representative of four such experiments. The process of es- 
terification may involve some intermediary phosphate compound. Pre- 
liminary tests with the addition of adenosine triphosphate and glucose- 
1-phosphate to the system have yielded negative results. 

Experiment 508 in Table II, typical of four others, shows that in the 
esterification process tristearin and oleic acid may be used just as easily 


TABLE | 
Hydrolysis of Cholesterol Palmitate by Liver Extracts 


Cholesterol values 


Experi- Buffer Soya 


nama No: lecithin Control Incubated Freed 
Total Free Total Free 
mg. mg. mg. mg. mg. 
108 § 0.05 M succinate + 0.43 0 0.43 0.02 (0.02) 
After dialysis, 0.05 m 4+ 0.60 0 0.60 0.06 0.06 
succinate 
414 0.05 m phosphate —_ 0.60 0 0.60 0 0 
0.05 ‘* succinate — 0.60 0 0.60 0.02 (0.02) 
0.05 ‘* phosphate + 0.60 0 0.60 0.12 0.12 
0.05 ‘ succinate + 0.60 0 0.60 0.10 0.10 
421 | 0.05 ‘‘ phosphate ~ 0.60 0 | 0.60 0.05 0.05 
0.05 * +: + 0.60 0 0.60 0.14 0.14 


| 


These results are indicative of five experiments. Experiment 421 was included 
to show the occasional positive results without lecithin in crude preparations. This 
effect has never been seen in purified preparation. Assay mixture, 0.5 ml. of rat 
liver extract in saline; 0.5 ml. of buffer, final pH of mixture 6.5; 1.0 ml. of dioxane, 
containing cholesterol palmitate and 5 mg. of soya lecithin as noted. Incubation, 
21 hours, 37°. The values in parentheses indicate results not considered significant. 


as palmitic acid. The use of cholesterol alone as substrate gives a small 
amount of esterification, presumably because of the presence of small 
amounts of fatty acids or fatty acid donors in the crude preparation. The 
normal liver lipase is still active and may well account for the fact that 
tristearin is utilizable as a fatty acid donor. 

The work with liver extracts was considerably hampered by the fact that 
these extracts are capable of destroying cholesterol, that is, rendering it 
unprecipitable with digitonin, under much the same conditions as those 
used here. This is apparent in Table III, where we see that the values 
for total cholesterol after incubation are lower than the controls. This 
effect is absent after the material has been dialyzed. This aspect of 
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TABLE Il 
Esterification of Cholesterol by Liver Extracts 


Cholesterol values 


Experi- 


—_ Fatty acid source Buffer Control Incubated — 
Total Free Total Free 
me. me. mE. mg. meg. 
408 | Palmitate 0.2 m phosphate 0.62 0.62 0.62 0.34 0.28 
. 0.05 ‘* succinate 0.62 0.62 0.62 0.58 0.04 
After dialysis, 
palmitate 0.05 * ' 0.62 | 0.62 ‘0.62 | 0.62 0 
hh Tad 0.05 ‘‘ phosphate 0.62 0.62 0.62 0.59 0.03 
414 Palmitate 0.05 ‘ - 0.60 0.60 0.60 0.24 0.36 
421 = 0.05 ‘ e 0.50 0.50 0.48 | 0.48 | 0 
430 a 0.05 ‘* vs 0.67 0.67 0.67 0.60 0.07 
- 0.05 ‘‘ succinate 0.67 0.67 0.67 0.67 0 
508 st 0.05 ‘* phosphate 0.65 0.65 0.65 0.58 0.07 
Tristearin 0.05 ‘ is 0.67 0.67 0.67 0.60 0.07 
Oleate 0.05 ‘* si: 0.67 0.67 0.67 0.60 0.07 


Assay mixture, 0.5 ml. of rat liver extract in saline; 0.5 ml. of buffer, final pH of 
mixture 6.5; and 1.0 ml. of dioxane containing cholesterol and fatty acid source in 
equimolar ratios. Incubation, 21 hours, 37°. 


TABLE III 


Stability of Esterifying System to Dialysis and Lyophilization 


Control Incubated 


Preparation Buffer —_— 
Total Free Total Free 
me. még. mg. meg. mg. 
Crude Extract 0.05 m phosphate 0.41 0.41 0.38 | 0.31 | 0.07 
Lyophilized 0.05 * - 0.36 0.31 | 0.05 
Dialyzed vs. 0.2 None 0.41 0.36 0.05 
phosphate 
Dialyzed vs. 0.9% 0.2 m phosphate 0.41 0.36 0.05 
NaCl 
Dialyzed vs. distilled O2* Ee 0.41 O.41 O 
water 


This experiment is typical of many. Assay mixture, 0.5 ml. of rat liver extraet 
in saline or buffer; 0.5 ml. of buffer or saline, final pH of mixture 6.5; and 1.0 ml. of 
dioxane containing 0.41 mg. of cholesterol and an equimolar amount of palmitic acid. 
Incubation, 21 hours, 37°. 


cholesterol metabolism was also treated by Marx and Lipsett (3). How- 
ever, even in cases in which the cholesterol recovery is not complete after 
incubation, the fact that some esterification took place is undeniable, al- 
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though it must be remembered that the figures represent only a minimal 
value. 

In Table III it is noted that the esterifying system of liver is stable both 
to lyophilization and to dialysis against 0.9 per cent NaCl. Dialysis 
against distilled water has been found to lead to irreversible inactivation 
of the system. These findings have been repeatedly checked. 


TABLE IV 


Esterification and Hydrolytic Reactions of Extracts of Rat Small Intestine 


Hydrolysis | Esterification 
po Preparation = Control | incubated | Freed | Control | Incubated — 
No. | aes 
Total| Free \Total Free Total] Free |Total Free | 
| mg. | meg. mg. | mg. | mg. | mg. | mg. | mg. | mg. | mg. 
1204. Crude Dioxane |0.48.0.15/0.4810.17| (0.02) '0.200.19/0.20.0.14! 0.05 
Colloid (0.48)0.19}0.4810.19 0 11 .12}1.12/1.08)0.91) 0.19 
Dialyzed vs. me 0.56.0.07|0.56)0.12, 0.05 }1.12)1.03 1.12 1.02) (0.01) 
water | | 
106 Crude e (0.520.19]0.52/0.19} 0 |1..12|1.12/1.12/1.02) 0.10 
Dialyzed vs. ¢ 0.400.100.400.14) 0.04 |1.12/1.12/1.12/1.12) 0 
water, lyo- | | | | 
philized | | | 
930 Crude Dioxane 0.320.020.320.11) 0.09 | 
Heated at 100°, 4 0.320.02:0.32,.0.02) 0 
15 min. | 


These tissue extracts were from animals fed 1 per cent lanolin in the diet for 16 to 
21 days before the experiments. Similar results have been obtained in four of five 
preparations. The remaining one showed no activity after dialysis. Assay pro- 
cedure, 0.5 ml. of intestinal extract, in saline; 0.5 ml. of buffer, final pH of mixture 
6.5, phosphate buffer for esterification and succinate buffer for hydrolysis; and 1.0 
ml. of substrate, either as dioxane solution or as aqueous colloidal suspension. For 
hydrolysis, cholesterol palmitate and 5 mg. of soya lecithin; for esterification, choles- 
terol and 3 mg. of sodium palmitate. Incubation, 8 hours, 37°. The values in par- 
entheses indicate results not considered significant. 


Intestine—Similar types of enzyme activity were obtained with extracts 
from the small intestine of the rat, as is shown in Table [V. However, 
it is interesting that esterification has been demonstrated only when the 
animals had been fed a diet containing 1 per cent lanolin (which contains 
cholesterol esters) or 1 per cent cholesterol for 2 or 3 weeks previous to 
sacrifice. Such animals are represented in Experiments 1204 and 106. 
Here it is seen that the extract initially showed only esterifying activity, 
since all tests for hydrolytic action against cholesterol esters were negative. 
These tests were carried out not only against the dioxane solutions, but 
also against colloidal suspensions of the ester in water. 





de 
tic 
In 


hy 
th 
ob 


al\ 
sui 


the 


tin 
cru 
coll 


Th 
cep 
ma 
leci 


sys 
fals 
tive 
ma. 
the 
the 
rep 
mo! 
tive 





d 


05 
19 
01) 


6 to 
five 
pro- 
ture 
| 1.0 


oles- 
par- 


acts 
ver, 
the 
ains 
is to 

106. 
vity, 
tive. 

but 


M. L. NIEFT AND H. J. DEVEL, JR. 149 


Dialysis of the crude extract against distilled water for 24 hours evi- 
dently inactivates the esterifying system, for after this procedure, esterifica- 
tion cannot be demonstrated even though the phosphate ion is restored. 
In addition, the hydrolytic system can now be detected in the dialyzed 
extract. This would seem to indicate that in these crude extracts the 
hydrolytic system is masked by the synthetic system, and that only after 
the latter has been removed can a true indication of hydrolytic activity be 
obtained. 

Heating the enzyme extract to 100° before addition of the substrate has 
always destroyed the hydrolytic activity. Representative figures for one 
such experiment are seen in Experiment 930, Table IV. Experiment 106 
is presented as one example of the repeated observation of the stability of 
the hydrolytic system of lyophilization. 


TABLE V 
Effect of Substitutions for Soya Lecithin in Hydrolytic System 
Substance added Cholesterol freed 
mg. 
Bee. LOCEUED (a7 5 nex sniw on eawrada es Moree. rer 0.08 
Me «© WONORORI Ss ncaa state Beeocnd Ria trae nee TR 0 


MS ”  CRMOGWE 6 5.6055 ont a6 case Cow Sale Maes 2 eae 0 
ee) MAOMEEOE, 32-8. ooh he RBar ee wees 0 
4“ triacetin 0 


Assay mixture, 0.25 ml. of water-insoluble enzyme from crude extract of rat intes- 
tine, equal to 1 gm. of fresh tissue; 0.25 ml. of water-soluble fraction cofactor from 
crude extract, equal to 1 gm. of fresh tissue; and 1.0 ml. of cholesterol palmitate 
colloid, containing 0.9 mg. of cholesterol palmitate. Incubation, 18 hours, 37°. 


The rdle which soya lecithin plays in the hydrolytic system is obscure. 
The main components of this substance have been reported as lecithin, 
cephalin, oil, phytosterol, inositol, and carbohydrates. Carbohydrate 
may be ruled out as an active factor, because an alcoholic extract of soya 
lecithin has the same activity as the crude material. 

It is improbable that phytosterols have any vital réle in the enzyme 
systems of the animal body, and those sterols present cannot contribute 
false values for free cholesterol, because non-incubated controls are nega- 
tive. Inositol and triglycerides cannot be substituted for soya lecithin, as 
may be seen in Table V. Therefore, it is possible that lecithin or one of 
the cephalins may be the active component. In an attempt to evaluate 
the réle in this system, it was decided to see whether soya lecithin could be 
teplaced by other chemically similar compounds. Assays with glycerol 


monoacetate and glycerol diacetate instead of soya lecithin proved nega- 
tive. 
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It need not be thought that this is some extraneous component which is 
being added to the hydrolytic system, for it is observed that the crude 
undialyzed extracts do not always require supplementary lecithin. After 
the system has been purified by thorough dialysis or salt fractionation, 
the activation of the hydrolytic system by lecithin is most marked. In 
these purified preparations, activity has never been observed in the absence 
of lecithin. 

Whether or not the two systems described are identical between tissues 
remains to be proved. The requirements for esterification and hydrolysis 
are sufficiently unusual to make it likely that similar systems are involved 
in both liver and intestine. 


SUMMARY 


1. The existence of an enzyme system which can esterify cholesterol 
has been verified in rat liver and intestine. This system requires the 
presence of phosphate ion and a fatty acid source. 

2. The splitting of cholesterol esters can be accomplished by extracts of 
rat liver and intestine. This hydrolytic activity is accentuated by the 
presence of soya lecithin. 

3. These two systems are not aspects of one reversible process. 
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STUDIES ON CHOLESTEROL ESTERASES 


II. CHARACTERIZATION OF THE HYDROLYTIC SYSTEM FROM 
INTESTINAL MUCOSA* 


By MARIE L. NIEFTt 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Los Angeles) 


(Received for publication, June 24, 1948) 


In a previous report (1), an enzyme system from rat intestine which will 
split cholesterol esters was described. It is the purpose of this paper to 
characterize this system and its component parts more fully. 


EXPERIMENTAL 


The assays for hydrolytic activity were carried out as described pre- 
viously, usually with colloidal cholesterol palmitate as the substrate, and 
the incubation mixture supplemented with 5 mg. of soya lecithin. 

In the course of attempting to purify this hydrolytic system, it became 
apparent that we were dealing with at least two factors. As may be seen 
from Table I, exhaustive dialysis against distilled water separated two 
components, one water-soluble, the other water-insoluble. Assay of the two 
fractions, separated by centrifuging, showed that either fraction alone was 
inactive, although together they exhibited the original activity of the 
preparation. The prolonged dialysis would occasionally lead to inactiva- 
tion of the preparation, but when electrodialysis was adopted, with the 
consequently shortened time interval, this difficulty disappeared. 

Since the solubility of the one component resembled that of the glob- 
ulins, a successful attempt was made to separate the two factors by am- 
monium sulfate fractionation (Table II). The crude extract was diluted 
with 1 volume of distilled water and cooled to 2° in an ice bath. Then, 
with constant stirring, the calculated amount of saturated ammonium 
sulfate solution was added dropwise, the mixture allowed to stand for a 
few minutes, and the precipitate collected by centrifuging in chilled tubes. 
The precipitate was dissolved in water and dialyzed until ammonia-free 
before assay. The volume of the recovered supernatant fluid was measured 
before the solution was again chilled and brought to the next higher con- 


*The material reported here is part of a thesis submitted by Marie L. Nieft in 
partial fulfilment of the degree of Doctor of Philosophy in Biochemistry in the Grad- 
uate School of the University of Southern California. 


The authors wish to express their appreciation for the use of the facilities of the 
Hancock Foundation. 


+ Student research fellow of the Life Insurance Medical Research Fund. 
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centration of ammonium sulfate by the same technique. In this way, 
successive fractions were separated from the crude tissue extract. The 
final saturation was carried out with solid ammonium sulfate. 


TABLE [| 


Fractionation of Hydrolytic System by Dialysis 


Preparation Cholesterol freed 
meg. 
Control (non-incubated)......... eee RTA Pear ae oe. 0 
fi > C4, an Petes EOIN seen ae entre = 0.09 
Dialyzed, water-soluble fraction......................... ry 0 
si water-insoluble fraction....................... 0 
" PCR ors. oats so ss RS ERs aR eT OR 0.10 


These results are typical of those in ten similar experiments. The tissue source in 
these experiments was the small intestine of the rat. Dialysis was carried out 
against cold distilled water until precipitation of the globulin fraction occurred. 
Assay mixture, 0.5 ml. of tissue extract or equivalent; 0.5 ml. of 0.05 m succinate 
buffer, final pH 6.5; and 1.0 ml. of dioxane containing 0.6 mg. of cholesterol palmitate 
and 5 mg. of soya lecithin. Incubation, 8 hours, 37°. 


TABLE II 


Separation of Components of Cholesterol Esterase by Ammonium Sulfate Fractionation 








Precipitated between Precipitated between . 
0 and 50 50 and 100 ne a oe Cholesterol freed 
per cent saturation per cent saturation saa na 
mg. 

+ + a 0.04 
+ — _ 0 

aa - + 0 

+ ios sf. 0.05 
+ + - (—0.01) 
a — 313 0 

_ + +e 0 


The tissue source in this experiment, which is typical of three others, was the small 
intestine of the rat. Assay mixture, 1.0 ml. of 0.05 mM succinate buffer, pH 6.6, con- 
taining an amount of lyophilized dialyzed fraction equivalent to 1 ml. of original 
extract; and 1.0 ml. of dioxane containing 0.6 mg. of cholesterol palmitate and 5 mg. 
of soya lecithin. Incubation, 8 hours, 37°. The values in parentheses indicate re- 
sults not considered significant. 


The composition of the “cofactor,” the water-soluble component re- 
quired for this reaction, presents itself as an interesting problem. The 
fact that it is both non-dialyzable and soluble in saturated ammonium 
sulfate seems to fix its molecular weight between rather narrow limits. 
Hence, a study was made of the heat stability of the two components 
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(Table III). Heating to 100° for 15 minutes before assaying completely 
inactivated the water-insoluble “enzyme” fraction, but an unheated 
enzyme preparation exhibited the original activity when combined with 
heated or unheated cofactor. 

The relative concentrations necessary for maximal activity of the two 
factors were of interest in deciding whether activity of the heat-stable 
“cofactor” was due to its actual participation in the enzyme system or 
whether it was serving in some manner as one of the reactants. Accord- 
ingly; the activity of a given amount of enzyme prepared by dialysis was 
assayed against progressive dilutions of one of the purest preparations of 
the cofactor. The latter was prepared by saturation of the extract with 
ammonium sulfate, filtration, and dialysis and lyophilization of the super- 


TABLE III 


Heat Stability of Hydrolytic Enzyme and Cofactor Fractions Prepared from Rat 
Intestine by Dialysis 











Enzyme* Cofactor* Cholesterol freed 
2 sees Reet ee ~ 

+ > 0.05 

+, 5 +. (0.01) 

+ +,H 0.05 

+, H +,H 0 

+ ~ 0 

_- + (0.01) 





Substrate, 1.0 ml. of cholesterol palmitate colloid, containing 0.80 mg. of ester 
plus 5 mg. of soya lecithin. 

* + indicates the presence of a fraction; H indicates that the fraction was heated 
to 100° for 15 minutes, then cooled before addition of substrate. 

The values in parentheses indicate results not considered significant. 


natant. The results are shown in Fig. 1. Here, when the concentration 
of the cofactor falls below 1 mg. per ml. (1 mg. corresponding to the amount 
from 138 mg. of tissue), the activity of the mixture falls off. Some ac- 
tivity is noted until the concentration reaches 0.025 mg. per ml. Below 
this level the results are no longer significant, although they indicate a 
still further decrease in activity. The amount of enzyme used in this 
series corresponded to that derived from 400 mg. of wet tissue and weighed 
approximately 3.5 mg. Part of this weight is due to sodium chloride, 
since the preparation was lyophilized from saline solution. In view of the 
extremely small amounts of cofactor needed, as well as the fact that the 
optimal ratio between enzyme and cofactor is approximately that found in 
the tissue extract, it appears that the cofactor is a part of the enzyme 
system rather than one of the reactants. 








154 STUDIES ON CHOLESTEROL ESTERASES. II 


The determination of the optimal pH for the hydrolytic reaction was also 
of interest. This procedure was impossible with crude preparations, 
because it was not feasible to buffer the mixture strongly enough to pre- 
vent a marked drifting toward the acid side as the incubation proceeded. 
When purer preparations were available, however, the experiment was 
tried, and the results are shown in Fig. 2. With 0.05 m phosphate buffers, 
there was still some drift toward the acid side during the 18 hour incubation 
period, but it was very much less marked. The pH of the final mixture was 
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Fig. 1. Limiting cofactor concentration for activity 


INITIAL 








CHOLESTEROL FREED (MG.) 


a — ae 
i ae 


pH 44 48 52 36 80 a 68 12 76 BO 


Fic. 2. Optimal pH for hydrolytic activity. Substrate, colloidal cholestero 
palmitate; incubation, 18 hours at 37°. 





taken before incubation, and duplicate tubes were incubated. At the 
end of that time, the pH was again recorded and the contents of the tube 
saved for analysis of free and total cholesterol. The activity curves when 
plotted against the pH were seen to be very similar whether the initial or 
final pH was used. Therefore the optimal pH for the hydrolysis of choles- 
terol palmitate under these conditions is seen to lie between 6.7 and 7.1. 
Incubation of the substrate alone through the experimental pH range led 
to no splitting of the ester. 

The stability of the cofactor toward acid and alkali was studied on 4 
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lyophilized preparation made from rat tissue by ammonium sulfate satura- 
tion of the aqueous tissue extract. Treatment with 3 per cent aqueous 
KOH at 100° for 15 minutes destroyed the activity of the cofactor. Similar 
treatment for 30 minutes with 6 N HCl left the activity of the preparation 
unchanged. It was found, however, that after acid hydrolysis the active 
component became dialyzable through cellophane. 

Chemical data on an impure compound mean little, but it is worthy of 
note that, on the ammonium sulfate preparation described above, a maximal 
content of 1 per cent carbohydrate (orcinol method) and of 2.1 per cent 
tyrosine (Folin-Ciocalteu) were found. Work is proceeding toward identi- 
fication of this cofactor. 

An attempt was made to study the reaction in other species. An 
aqueous tissue extract from rabbit intestine exhibited hydrolytic activity 
toward cholesterol palmitate, but on salt fractionation, the portions soluble 
and insoluble in 50 per cent saturated ammonium sulfate both retained 
activity. It was not possible to separate two mutually dependent com- 
ponents, as in the rat. However, heat inactivation of the supernatant 
liquid from tissue extract half saturated with ammonium sulfate, followed 
by assay of this material against a cofactorless rat enzyme preparation, 
showed that the rabbit extract contained a substance which could sub- 
stitute for rat cofactor. There was undoubtedly another esterase in the 
crude rabbit extract which obscured the measurement of the system in 
which we were interested. 

A similar experiment with cat intestine showed that the precipitate from 
half saturation with ammonium sulfate exhibited no activity unless the 
fraction soluble in saturated ammonium sulfate was present. The latter 
was inactive by itself. Cross reactions between rat and cat preparations 
showed that the two systems are mutually interactive, although their 
absolute identity is not proved. 


DISCUSSION 


While most of the lipases and esterases thus far studied exhibit some 
degree of activity toward the higher molecular weight alcohols and acids, 
none has ever been shown to require a cofactor for such activity. In ad- 
dition, most of these hydrolytic reactions can be shown to reach definite 
equilibrium points, approachable from either direction (2), which is not the 
case with this system. It is evident that we have here a more complex 
reaction. 

The réle of lecithin was discussed in the previous report (1). It may be 
that we are actually dealing with two reactions, 


(1) Cholesterol ester — cholesterol + fatty acid 


(2) Lecithin + fatty acid > ? 
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in which the first is driven to the right by a constant removal of the liberated 
fatty acids. If this is valid, however, reaction (1) should proceed to some 
extent even without the help of lecithin. This has not been observed, al- 
though the possibility exists that it could occur to the extent of about 4 
per cent, which represents the lower limit of sensitivity of the assay used 
(equivalent to 0.02 mg. of cholesterol freed from 0.50 mg. present as the 
ester). 

For the sake of simplicity in discussing the experimental work, the as- 
sumption has been made that the cofactor is needed in reaction (1) above. 
However, evidence is not yet sufficient to decide whether the cofactor is 
necessary as an adjunct to the esterase performing the actual hydrolysis or 
whether it takes part in some later reaction, as, for example, reaction (2), 
Nevertheless, it is evident that the hydrolysis of cholesterol esters cannot 
be detected in the absence of this cofactor, although the limits of experi- 
mental error already discussed do not rule out the possibility. 


SUMMARY 


1. The hydrolytic system for cholesterol esters in the intestinal tissue of 
the rat has been studied, and found to consist of at least two factors. 

2. One component is a globulin type protein, heat-labile, and precipitated 
by 50 per cent saturation with ammonium sulfate. 

3. The other component is a heat-stable, non-dialyzable substance sol- 
uble in saturated ammonium sulfate. The minimal concentration of this 
substance necessary for activity and some of its chemical characteristics 
have been investigated. 
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EXCRETION OF CREATININE AND CREATINE BY BEEF 
STEERS* 
By JAMES 8S. DINNING, WILLIS D. GALLUP, anv H. M. BRIGGS 


. 4 (From the Animal Husbandry and Agricultural Chemistry Research Departments, 
Oklahoma Agricultural Experiment Station, 


Stillwater) 
5 
e. (Received for publication, July 31, 1948) 
” In the classical theory of protein metabolism proposed by Folin (1) 
- two types of protein metabolism are recognized, one a constant or endo- 
). genous metabolism, and the other a variable or exogenous metabolism. 
ot According to this theory the endogenous metabolism is represented by the 
ai excretion of creatinine at a relatively constant rate which is independent of 
protein intake. More recently, as pointed out by Friedemann and as- 
sociates (2), there has been increased emphasis on the variation rather 
_ | than on the uniformity of creatinine excretion, and the independence of 
hs creatinine excretion of protein intake has been questioned. Most of the 
research relating to this problem has been conducted with human subjects 
ted | and laboratory animals. 
| The creatinine and creatine excretion of dairy cattle on standard dairy 
sol- rations was studied by Ashworth and Brody (3); however, no data were 
po presented to show the effect of protein intake on the excretion of these two 
ties 


urinary constituents. Carpenter (4) determined the creatinine and crea- 
) tine excretion of beef steers on pasture and on maintenance rations. The 
protein intake of the animals was not calculated. Although similar values 
for creatinine excretion were obtained in these two investigations, slightly 
_ higher creatine values were reported for the dairy cows than for the steers. 
In a comparison of the results, Ashworth and Brody (3) suggest that crea- 
tine excretion in cattle is influenced by the level of protein intake. 

The present study was undertaken to determine the creatinine and 
creatine excretion of beef steers on rations containing different amounts of 


protein and different amounts of dietary urea added as a protein substi- 
tute (5). 


EXPERIMENTAL 


Hereford steers, 2 years old, in metabolism stalls were fed rations of 
constant composition during 20 day periods. During the last 10 days of 
each period urine was quantitatively collected by means of rubber funnels 


*This study was supported in part by a research grant from E. I. du Pont de 
| Nemours and Company, Inc. 
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was progressively increased from about 54 gm. daily to 124 gm. daily. 
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which led to glass collection jars beneath the floor of the stalls. Toluene 
was used as a preservative and sufficient sulfuric acid was added to the 
collection jars to maintain the urine below pHl 6. Preliminary work 
showed that at values below pH 6 both creatinine and creatine are stable. 
Urine was collected and measured daily. Creatinine and creatine were 
determined by Folin’s method as outlined by Hawk et al. (6). 

In the first series of experiments the nitrogen intake of all of the steers 
was approximately the same, the rations being composed of prairie hay 
supplemented with either cottonseed meal or a pelleted feed containing 75 


per cent cottonseed meal, 4 per cent urea, 10 per cent molasses, and 11 per 
cent hominy feed. 


Creatinine and creatine were determined on daily 
samples of urine. 


The results are presented in Table I. 


TABLE II 


Average Creatinine and Creatine Nitrogen Excretion by Beef Steers on Rations 
Containing Different Amounts of Protein and Urea Nitrogen 





Daily N intake* | 














| No.of | Average | Daily Daily _ Average Average 
a ee body | Creatinine creatine N | creatinine | creatine 
Total | hs ente | | weight | N excreted | excreted coefficient coefficient 
gm. gm. | kg. gm. | gm. 
53.8 | 0.0 4 | 332.8 3.39 | 0.32 10.19 | 0.96 
ae | 73 4 | 326.0 | 3.16 | 1.11 9.69 | 3.40 
95.7 0.0 | 4 | 336.2 | 38.68 | 0.54 10.95 1.61 
me | a0. | © | ee | oe | 0.97 11.68 3.05 
100.0 0.0 8 317.5 | 3.67 | 0.89 11.56 2.80 
ned 0.0 3 340.7 | 3.63 | 0.84 10.65 2.47 
119.2 | 23.5 4 336.3 | 3.94 | 0.45 | 11.72 1.34 
124.0 23.3 4 320.0 | 3.20 | 0.94 | 10.00 2.97 





* All steers received 10 pounds of prairie hay supplemented with varying amounts 


of cottonseed meal, urea, molasses, and hominy feed daily. 


In the second series of experiments, the nitrogen intake of the steers 


The 


rations were composed of prairie hay supplemented with different amounts 
of the pelleted feed constituents used in the first experiments. Creatinine 
and creatine were determined on 10 day pooled samples of urine which had 
been preserved as described above and stored at 0° during the collection 


period. The combined results representing data secured from 55 animals 
are presented in Table IT. 


RESULTS AND DISCUSSION 


The results in Table I show that the excretion of total nitrogen and 
creatinine nitrogen of individual steers on a uniform nitrogen intake is 
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relatively constant from day to day as compared to the differences between 
individuals. There are, however, some apparent exceptions. The 
greatest variations were observed with Steers 3 and 6 on the 9th and 10th 
days of collection. Such variations as were observed in the daily creat- 
inine excretion of individual animals were for the most part unrelated to 
the daily total nitrogen excretion. Creatine excretion varied markedly 
from day to day. 

Differences between animals in excretion of total nitrogen over the 
10 day periods were related to small differences in the amount, and par- 
ticularly in the form, of nitrogen ingested. As might be expected total 
nitrogen excretion of steers that received urea was generally high. There 
were also marked differences between animals in creatinine excretion. 
The differences were unrelated to the amount and form of nitrogen 
ingested. Although creatinine excretion is generally related to body 
weight, in these experiments the steers with low creatinine excretion values 
had correspondingly low creatinine coefficients. 

Average creatinine and creatine coefficients! for steers ingesting from 
53.8 to 124.0 gm. of nitrogen daily are given in Table IJ. The nitrogen 
balance status of these animals varied from nitrogen equilibrium to a 
positive nitrogen balance of 22.3 gm. daily. It is obvious from the results 
that changes in nitrogen intake over the range studied and the addition of 
urea to the rations were without effect on the creatinine coefficients. The 
weighted mean creatinine coefficient was 11.18. This value is higher than 
the value of 9.5 reported by Ashworth and Brody (3) for dairy cows. 
Differences in breed, age, and sex of the animals might contribute to this 
difference. Carpenter (4) reported creatinine coefficients between 8 and 
9 for steers; however, destruction of creatinine during storage and shipping 
of the urines as described in his paper might easily account for these lower 
values. 

The creatine coefficients shown in Table II varied from 0.96 to 3.40 
and could not be correlated with total nitrogen intake. The weighted mean 
creatine coefficient was 2.62, a value similar to that reported by Carpenter 
(4) but considerably lower than the value of 7.6 reported by Ashworth 
and Brody (3) for dairy cows. 


SUMMARY 


The daily excretion of creatinine nitrogen by beef steers is relatively con- 
stant and is unaffected by changes in the protein content of the ration or 
by the addition of urea to the ration as a protein substitute. 


1 In Tables I and II and in the text, creatinine and creatine coefficients refer to 
the mg. of creatinine N and creatine N, respectively, excreted per kilo of body weight 
per day. 
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There appears to be an individual variation in the amount of creatinine 
excreted by steers of similar breed, age, and body weight. 

The average creatinine coefficient of 2 year-old Hereford steers ingesting 
from 54 to 124 gm. of nitrogen daily is 11.18. 

Creatine excretion by steers is variable. 


BIBLIOGRAPHY 
1. Folin, O., Am. J. Physiol., 18, 117 (1905). 


2. Friedemann, T. E., Kinney, V. M., Berryman, G. H., Henderson, C. R. 
mans, F. B., J. Nutr., 35, 117 (1947). 

3. Ashworth, U.S., and Brody, 8., Missouri Agr. Exp. Sta. Res. Bull. 191 (1933). 

4, Carpenter, T. A., Am. J. Phystol., 81, 519 (1927). 

5. Briggs, H. M., Gallup, W. D., Darlow, A. E., and Kinney, C., J. Animal Sce., 6, 
445 (1947). 

6. Hawk, P. B., Oser, B. L., and Summerson, W. H., Practical physiological chem- 
istry, Philadelphia, 12th edition, 839 (1947). 


, and You- 











Tl 


nia 
gro 
gel: 
thr 
Fu 
the 


of « 
cor 


am 
try 
wh 
cor 
et ¢ 
cas 
the 
dat 
list 
hai 
try 
the 


acl 
die 


the 
Du 
use 


thr 


THE EFFECT OF GELATIN ON THE TRANSFORMATION OF 
TRYPTOPHAN TO NIACIN IN RATS ON 
LOW CASEIN DIETS* 


By FRED ROSEN anp WILLIAM A. PERLZWEIG 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, August 19, 1948) 


It was demonstrated by Elvehjem and collaborators (1-4) that, if to a 
niacin-free diet containing 9 per cent casein and permitting moderate 
growth there was added an excess of tryptophan-deficient proteins (corn, 
gelatin, acid hydrolysates of proteins) or certain amino acids (glycine, 
threonine, phenylalanine), growth of young rats was impaired or stopped. 
Furthermore, this effect could be abolished equally well by the addition to 
the diet of approximately 1.5 mg. per cent of niacin or of 50 mg. per cent of 
tryptophan. This observation appears to imply that the superimposition 
of certain amino acids upon a diet containing barely adequate amounts of 
complete protein resulted in a niacin deficiency. 

The question which still remained to be solved was whether the added 
amino acids raised the quantitative requirements for niacin, or, since 
tryptophan in the casein is the only known source of niacin in this diet, 
whether the transformation of tryptophan to niacin is impaired under these 
conditions. This question is partly answered by the data of Elvehjem 
et al. (4) who showed that the growth of rats receiving the basal 9 per cent 
casein diet amounted to 12 gm. per week, while the gain in rats receiving 
the same diet plus 1.5 mg. per cent of niacin was 16 gm. per week. Other 
data in the published studies of the Wisconsin group and our own unpub- 
lished data support the view that niacin added to a low protein diet en- 
hances growth to a small extent, probably sparing a part of the food 
tryptophan as well as supplying the vitamin. This is further borne out by 
the growth data on the rats receiving 9 per cent casein plus added amino 
acids in which the addition of 1.5 mg. per cent of niacin restored, or even 
improved, the rate of growth, as compared with animals receiving the basal 
diet and the added niacin only ((4) Table I). 


* Grants in aid of this investigation from the United States Public Health Service, 
the Nutrition Foundation, Inc., the John and Mary R. Markle Foundation, and the 
Duke University Research Council are gratefully acknowledged. The pi-tryptophan 
used in these studies was furnished by the Sterling-Winthrop Research Institute, 
through the kindness of Dr. M. L. Tainter, Director. 

+ Nutrition Foundation, Inc., Fellow. 
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The experiments described below furnish further evidence that the 
capacity of the organism to form niacin from tryptophan is impaired when 
a low protein (10 per cent casein-sucrose) diet is supplemented with a large 
amount of a tryptophan-free protein (gelatin). 


EXPERIMENTAL 


Weanling male albino rats of the Vanderbilt strain were kept singly in 
metal metabolism cages with tray bottoms. Fresh food and water were 
supplied daily and the rats were weighed at semiweekly intervals. Each 
rat was offered an adequate amount of food daily, and on the following day 
the residue was weighed and discarded. The basal diet used in these studies 
contained casein 10, sucrose 83, salts 4 (5), cottonseed oil 3, choline 0.5, 
L-cystine 0.4 gm., supplemented with 1 mg. each of thiamine, riboflavin, 
and pyridoxine, 6 mg. of Ca pantothenate, 15 mg. of inositol, 0.02 mg. of 
biotin, 0.02 mg. of folic acid, and 0.10 mg. of vitamin K per 100 gm. 2 
drops of cod liver oil were given each week. The gelatin added to the diet 
was at the expense of the sucrose. 

Urine was collected in 72 hour periods under 1 ml. of toluene and 0.5 
ml. of glacial acetic acid. The urine and washings were made to a total 
volume of 50 ml., and after filtering, a suitable aliquot was taken from each 
of the six urines in the group, and the pooled sample stored in the refrigera- 
tor. The urinary excretion of N'-methylnicotinamide was determined by 
the fluorometric acetone condensation method (6). 

While the animals ingesting the basal diet (10 per cent casein), Group 1, 
and the casein + gelatin diet supplemented by niacin or tryptophan, in 
Groups 5 and 6, developed no outward symptoms of deficiency, the rats 
in Groups 2, 3, and 4 developed in the course of the first 3 weeks of the 
unsupplemented casein + gelatin diet rough coats, severe diarrhea, and 
incrustations of brownish red pigment about the mouth and paws. The 
addition of 5 mg. per cent of niacin to the diet produced remission of all of 
these symptoms; the addition of 50 mg. per cent of pL-tryptophan produced 
a temporary remission of the diarrhea only, while the other symptoms per- 
sisted and cleared gradually after the large 25 mg. dose of L-tryptophan. 

The data in Table I and Fig. 1 show the growth-depressing effect of 6 
per cent gelatin added to the 10 per cent casein diet. They also demon- 
strate that the addition of either 5 mg. per cent niacin or 50 mg. per cent of 
tryptophan at the beginning of the experiment is equally effective in 
abolishing this inhibitory action of gelatin. It is worth noting that the 
addition of the niacin or of the tryptophan to the gelatin-containing diet 
(Groups 5 and 6) results in better growth than on the basal diet alone with- 
out gelatin (Group I). Thus, the growth-depressing effect of gelatin 
appears to be due almost entirely to a lack of niacin, and not to any other- 
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Fic. 1. Growth responses of rats in Groups 2, 3, and 4 maintained for the first 3 
weeks on a 10 per cent casein + 6 per cent gelatin diet. Beginning in the 4th week, 
to the diet of Group 2 were added 50 mg. per cent of pL-tryptophan and to the diet of 
Group 3 were added 5 mg. per cent of niacin; the diet of Group 4 remained unchanged. 
At the beginning of the 5th week all animals received a single 25 mg. dose of L-trypto- 
phan intraperitoneally. At the beginning of the 7th week, three animals in Group 4 
were given another 25 mg. dose of L-tryptophan orally (O), and three animals received 
the same amount intraperitoneally (JP). 


TABLE I 
Modifying Effects of Niacin and Tryptophan upon Growth Inhibition 
Produced by Gelatin in Rats 
The average values for six rats in each group, the gain being measured in gm. 
per rat per week. 








| 


. Group 6. 
| Group 5. 
| Groupi. | Group2. | _ Group 3. Group 4. Basal + 6 per —_ AP 
Average gain | Basal 10 per | Basal + 6 per| Basal + 6 per Basal + 6 per! cent gelatin, 50m 8 pan F 
' cent casein cent gelatin cent gelatin cent gelatin | 5 mg. per cent oon pe hy 
niacin olan 
per wk. 
1-3rd 8 | 2 | 3 16 IS 
4th 9 —6* 17t —3 16 15 
5th-6th 13t lit 16t 4t 12t lit 











* 50 mg. per cent of pL-tryptophan added to diet. 
+ 5mg. per cent of niacin added to diet. 


t On the first day of the 5th week all the animals received a single dose of 25 mg. of 
L-tryptophan intraperitoneally. 


Wise toxic effect of the large amount of gelatin in the diet. Table I further 
shows the striking differences in response to supplements of niacin and 
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tryptophan added to the casein-gelatin diet in the beginning of the experi- 
ment (Groups 5 and 6), as compared with the results obtained when these 
supplements were added after 3 weeks of progressing growth depression 
produced by the gelatin (Groups 2 and 3). Whereas the animals in Groups 
5 and 6 continued to grow well (15 to 18 gm. per week), the rats in Group 2, 
when given a supplement of 50 mg. per cent of tryptophan in the diet, 
actually lost weight to about the same extent as the control Group 4, which 
received no supplement to the gelatin diet. On the other hand, the animals 
in Group 3, when supplemented with 5 mg. per cent of niacin, showed an 
immediate and large gain in weight (Fig. 1). 

At the beginning of the 5th week all animals received intraperitoneally 
a single dose of 25 mg. of L-tryptophan. The rats in Groups 2 and 4 showed 
an immediate positive gain in weight. The animals in Group 2 which 
were receiving 50 mg. per cent of tryptophan showed a larger gain and 
maintained it during the next 2 weeks (Fig. 1), whereas the control animals 
in Group 4 (casein-gelatin diet alone) responded with an increase in weight 
during the first 6 days after the injection and then declined again. As 
shown in Fig. 1, the animals in Group 4 were given at the beginning of the 
7th week another single dose of 25 mg. of L-tryptophan, three rats receiving 
the dose orally and three intraperitoneally. All animals showed about 
equally rapid growth responses during the first 5 days, but lost weight just 
as rapidly in the next 4 days. These results confirmed those observed pre- 
viously in the same animals in the 5th week, and also demonstrated that 
the effect of tryptophan is the same, regardless of the mode of ad- 
ministration. 

The excretion of N!-methylnicotinamide was measured in all groups 
for the 3 day period following the single intraperitoneal dose of 25 mg. of 
L-tryptophan at the beginning of the 5th week. The control urines were 
collected during the preceding 3 day period. The results summarized in 
Table II indicate that in Group 4 the effect of the gelatin in the diet is to 
depress the excretion of extra N!-methylnicotinamide after the test dose 
of tryptophan. The addition of niacin to the diet of the animals in Group 
3 restores the excretion of extra N'!-methylnicotinamide to the level found 
in Group 1. However, the animals in Group 4 supplemented with trypto- 
phan did not respond to the test dose. In Groups 5 and 6, where supple- 
ments of niacin and tryptophan, respectively, were given from the begin- 
ning of the experiment, significantly large increases in the excretion of 
N'-methylnicotinamide were observed. The reason for the different re- 
sponses in Groups 5 and 6 is not apparent. 

These data indicate clearly that the presence of an excess of gelatin in the 
10 per cent casein diet results in an impairment of the metabolic pathway 
from tryptophan to niacin. This defect, if permitted to develop for several 
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weeks, cannot be remedied by the addition of a small amount of tryptophan 
(50 mg. per cent) but can be abolished either by adding a small amount of 
niacin or by relatively very large amounts of tryptophan (25 to 100 mg. 
daily). 


TABLE II 
Excretion of N'-Methylnicotinamide in Rats Fed Low Protein Diet containing 
6 Per Cent Gelatin and Supplements of Niacin and Tryptophan 


Average excretion of 
N!-methylnicotinamide 


Group per 100 gm. rat 
pol Diet depengrs: 
(6 rats | Increase over 
each) Ciba: control value 

tre after 25 mg. 
L-tryptophan in- 
traperitoneally 
Bs y per 72 hrs. 
1 | Basal (10% casein) 41 465 
Z “ + 6% gelatin (+ 50 mg.% pL-tryptophan, begin- 80 | 75 
| ning 4th wk.) 
3 | Basal + 6% gelatin ( + 5 mg.% nicotinic acid, begin- 344 456 
ning 4th wk.) 
4 Basal + 6% gelatin 60 da 
5 * +4.6% gelatin + 5mg.% nicotinic acid 316 764 
6 ** + 6% gelatin + 50 mg.% pL-tryptophan 52 252 
DISCUSSION 


Presumably the growth-depressing effect of whole corn, corn proteins, 
acid-hydrolyzed proteins, gelatin, or amino acids such as glycine, pL- 
threonine, or pL-phenylalanine (4), when added to a low casein diet, is 
primarily due to the ensuing biochemical defect in the metabolic relation- 
ship of tryptophan to niacin in rats. In all cases described in the literature 

' and in our observation, this defect is restored by small amounts of niacin 
alone. While added tryptophan may produce somewhat enhanced growth 
as compared with niacin, it is apparent that the major effect of tryptophan 
is due to its yield of niacin, and the further increment in growth may be 

- due to the availability of extra tryptophan for tissue synthesis in animals 
kept on a tryptophan-poor diet. From this viewpoint, the pellagragenic 
effect. of an excess of corn in the diet is explicable on two accounts: the 
deficiency of tryptophan as a source of niacin, and the imbalance of amino 
acids leading to an impairment in the transformation, tryptophan — niacin, 
in a diet which is already poor in niacin. 

Schweigert and Pearson (7) recently reported that the addition of 12 per 
cent gelatin to a 12 per cent casein-sucrose diet depressed the growth of 
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rats and that the addition of 1 mg. per cent of niacin or the feeding of 100 
mg. doses of pL-tryptophan daily restored the growth. It is to be noted 
that this restoration was obtained with relatively huge doses of tryptophan. 
In the present study, while this effect of large doses of free tryptophan is 
confirmed, the inadequacy of smaller amounts of tryptophan equivalent to 
concentrations to be found in diets containing 15 to 20 per cent casein in 
overcoming the syndrome in niacin-depleted rats is clearly demonstrated. 


SUMMARY 


The inhibition of growth and of the transformation of tryptophan to 
niacin, as determined by the urinary excretion of N'-methylnicotinamide 
after a test dose of tryptophan, in young rats on a diet containing 10 per 
cent casein and 6 per cent gelatin can be adequately prevented by the initial 
inclusion of either 5 mg. per cent. of niacin or 50 mg. per cent of tryptophan. 
If the same amount of tryptophan is added after the animals have been 
on the above diet for 3 weeks and have developed deficiency symptoms, the 
growth and the excretion of N'!-methylnicotinamide remain depressed. 
The addition of 5 mg. per cent of niacin to the diet after 3 weeks does restore 
both growth and the excretion of N'-methylnicotinamide to normal levels. 
A single large parenteral or oral dose (25 mg.) of tryptophan restores for a 
few days only the normal growth curve of the animals. These observations 
in conjunction with the data of other investigators are interpreted to 
demonstrate that the major deleterious effect of gelatin, of other 
tryptophan-deficient proteins, and of amino acids when added to a low 
casein diet is due to the impairment of the metabolic process involved in the 
tryptophan-niacin interrelationship. 


We wish to thank Miss Betty Jean Peck for technical assistance. 
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IDENTIFICATION OF THE ANTIBIOTIC SUBSTANCE FROM 
CASSIA RETICULATA AS 4,5-DIHYDROXYANTHRA- 
QUINONE-2-CARBOXY LIC ACID* 


By MARJORIE ANCHEL 
(From The New York Botanical Garden, New York) 


(Received for publication, June 9, 1948) 


Robbins, Kavanagh, and Thayer (1) recently reported the isolation from 
the leaves of Cassia reticulata Willdenow of a substance possessing antibiotic 
activity in vitro against Bacillus mycoides, Bacillus subtilis, Staphylococcus 
aureus, Mycobacterium smegmatis, and Neisseria gonorrhoeae. The com- 
pound was obtained in crystalline form by careful acidification of its dilute 
alkaline solution, and was called ‘‘cassic acid.”’ 

This substance has now been identified as rhein, a compound first isolated 
from Chinese rhubarb (2) and later from a species of cassia (Cassia acutt- 
folia) (3). The structure of rhein has been established as 4,5-dihydroxy- 
anthraquinone-2-carboxylie acid (I) (4-7). 
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For purposes of comparison, rhein was prepared both by isolation from 
rhubarb and by synthesis. Identity of the isolated and synthetic samples 
with the antibiotic substance and with each other was established by mixed 
melting points of the diacetates of the compounds, as well as by identity of 
the absorption spectra of the compounds and of their diacetates (Figs. | 
and 2). Rhein from rhubarb and synthetic rhein have the same antibiotic 
activity! as rhein from cassia. 


* This investigation was supported in part by a grant from the Albert H. and Jessie 
D. Wiggin Foundation. 

1 Antibiotic activity refers to activity against Staphylococcus aureus, tested in nu- 
trient broth nearpH7. For details of the method, see Kavanagh (8). The number of 
dilution units in a sample is given by the total volume (in ml.) to which it can be di- 
luted with nutrient broth and still bring about complete inhibition of the growth of 
the test organism. The assays were carried out by a geometric serial dilution (2, 4, 8, 
ete.) and the values therefore lie between those given and the next higher power of 2. 
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Antibiotic activity of quinones has been reported frequently (9), but , 
relatively few studies have been made in this connection with anthraquinone 
derivatives. Anthraquinone itself and chrysophanic acid have been found 
° ° . o. ° . . 
inactive (10), while it is interesting to note that anthraquinone and certain | 
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Fie. 1. Rhein in 95 per cent ethanol Cc 
of its derivatives, injected intraperitoneally, inhibit the growth of Twort 
carcinoma in mice (11). Emodin, which is present in rather large amounts eve 
in rhubarb, was found to be bacteriostatic under the conditions of the test °€3 
‘ ere 2 cur 
employed.! The antibiotic activity of rhubarb extracts, therefore, is not aft 


due entirely to the presence of rhein. 
Other anthraquinone derivatives are being prepared for further study. 
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Compounds of the type of the acetate which are gradually hydrolyzed 
under physiological conditions (Fig. 3)? may also prove of interest. 
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Fic. 2. Rhein diacetate (or its methyl ester) in 95 per cent ethanol 


EXPERIMENTAL? 


Isolation Procedure—A batch of 100 gm. of coarsely ground leaves of 
Cassia reticulata Willd. was placed loosely in a fluted filter paper over a 


* Rhein diacetate shows about half the antibiotic activity of rhein itself. How- 
ever, it is difficult to determine whether this activity is actually due to the diacetate 
or whether it results from the slow splitting of the diacetate to free rhein which oc- 
curs under the conditions of the test. It is apparent from the curves in Fig. 3 that, 
after 20 hours of incubation, the acetate has been in large part hydrolyzed. 

§ All melting points are corrected. 
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wad of glass wool in an extractor of the type described by Clarke and 
Kirner (12), and the active material was extracted for three periods of 1, 
1.5, and 1.5 hours, with 750 ml. of water for each extraction. (Extraction 
by suspension of the leaves in boiling water was unsatisfactory, since a 
muddy solution resulted with which it was very difficult to work.) The 
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Fic. 3. Rhein diacetate in aqueous solution at a pH near7. (The substance was 
dissolved by neutralization with NaOH.) Curve 1, within 1 hour of solution; Curve 
2, after 2 hours incubation at 37°; Curve 3, after 20 hours incubation at 37°. 


combined solution usually contained about 23,000 dilution units' for 
Staphylococcus aureus, of which about two-thirds were obtained in the 


4 Methods involving carbonate or bicarbonate extraction of the leaves yielded 
mixtures from which the active substance could not satisfactorily be isolated. In 
one of the earlier large batches (2 kilos) of leaves extracted with carbonate and sub- 
jected to a complicated fractionation, a biologically inactive, pale yellow crystalline 


material was obtained, in amounts roughly corresponding to the expected amount of | 


rhein, while none of the latter could be obtained. The structure of this substance is 
being investigated. 
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first extract. The solution was concentrated under reduced pressure to 
about 100 ml., and the syrupy concentrate was extracted with methyl 
isobutyl ketone in a continuous extractor until the extract was practically 
colorless. The organic solution was then shaken in a separatory funnel 
with small portions (10 to 25 ml.) of 5 per cent sodium bicarbonate solution, 
as long as the typical reddish color appeared in the extracts. Usually a 
total of about 50 to 100 ml. was used. The iced bicarbonate extract was 
acidified to about pH 2 with cold, dilute hydrochloric acid, and the tan 
amorphous precipitate was centrifuged, washed with water, and dried 
invacuo. The yield varied from 215 to 348 mg., with an average, in twenty- 
three runs, of 310 mg., having a potency of 64 dilution units' per mg. This 
amounts to about 20,000 dilution units, or 87 per cent of the 23,000 in 
the original aqueous extracts. 

On recrystallization from acetic acid, the yields varied widely, depending 
on the length of time the material was in contact with the hot solvent. 
Previous removal of dark pigment with cold acetic acid, or with acetone 
followed by cold acetic acid, was necessary for subsequent successful erys- 
tallization. The active substance crystallized in pale vellow hair-like 
needles, mostly in rosettes or sheaves. Under certain conditions, usually 
too concentrated a solution or too sudden crystallization from the hot solu- 
tion, an orange powder precipitated, which consisted of microscopic 
diamond-shaped spicules. This had the same antibiotic activity as the 
yellow needles. The melting point was not characteristically different. 
Exact conditions for production of each form were not determined, but 
seeding the solution with the yellow needle form usually resulted in erystal- 
lization of this type. Likewise, local cooling usually started crystalliza- 
tion in the yellow form, which then continued. The recovery of activity 
varied from roughly 100 per cent to as low as 6 per cent, and the potency of 
the once crystallized material from 128 to 256 dilution units per mg. The 
substance is difficult to obtain pure. Samples, recrystallized several times 
and dried in vacuo at 100°, melted at 326-329° with decomposition, and 
gave the following analyses: 

CisHs05. Calculated. C 63.37, H 2.81 
284 Found. ‘© 62.78, 63.73; H 3.22, 3.28 

The absorption spectra in 95 per cent ethanol and in 0.1 N sodium hy- 
droxide are shown in Figs. 1 and 4 respectively. The ethanol solution 
shows maxima at 230, 260, and 430 mu, and minima at 215, 245, and 307 
mu. In alkali the spectrum changes gradually with time, as shown in 
Fig. 5. The measurements for the sodium hydroxide curve in Fig. 4 were 
completed within half an hour after the sample was dissolved, and show 
maxima at 240 and 500 mug, and a minimum at 370 mu. Between 265 
and 280 my, there is a distinct shoulder. 
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The crystalline material gives the tests described as characteristic for 

















rhein (13). 26 
Diacetate of Rhein Isolated from Cassia (4,5-Diacetoxyanthraquinone- 25 
2-carboxylic Acid)—A solution of 142 mg. (0.5 mm) of erystalline rhein 
and 200 mg. of dry sodium acetate, in 25 to 50 ml. of acetic anhydride, was M 
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Fic. 4. Rhein in 0.1 n NaOH at room temperature. (The ‘“‘blank”’ cell of the 7 
Beckman spectrophotometer contained 0.1 n NaOH.) ont: 
give 
boiled under a reflux for 15 minutes, centrifuged clear of sediment, and pou 
poured into 250 ml. of ice water. The precipitate, a pale yellow powder, in | 
melted unsharply around 236°. After one recrystallization from acetic Tut 
acid, 110 mg. (60 per cent of the theoretical) were obtained, melting at talli 
247-252°. After several recrystallizations, the material melted at 250- T 


sent 














M. ANCHEL 175 


251°, and gave no depression with the synthetic product melting at 250- 
253°. 

The absorption spectrum in 95 per cent ethanol is shown in Fig. 2. 
Maxima are present at 215, 255, and 340 mu, and minima at 230 and 295 
mu. The curve for the synthetic diacetate is superimposable. 

The solution for the curves shown in Fig. 3 was prepared by neutraliza- 
tion of the diacetate with sodium hydroxide. While the diacetate is much 
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Fic. 5. The effect of alkali on rhein. (The conditions are the same as those for 
Fig. 4.) Curve 1, after 4 hours; Curve 2, after 48 hours; Curve 3, after 4 days. 


more readily crystallized than rhein itself, a good analysis could not be 
obtained. A summary of the difficulties described by previous authors is 
given by Tutin and Clewer (3), who believed that they had the pure com- 
pound, but remarked on its peculiar behavior; 7.¢., it dissolved completely 
in hot xylene and reprecipitated immediately. In a later paper (14), 
Tutin attributes this behavior to the presence of acetic anhydride of crys- 
tallization. 

The results of analyses of samples prepared from isolated rhein are pre- 
sented in Table I. The analytical figures suggest retention of the solvent. 
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Methyl Ester of Diacetate of Isolated Rhein (4,5-Diacetoxyanthraquinone- 
2-carboxylic Acid, Methyl Ester)—A suspension of 55.2 mg. (0.15 mM) of 
the diacetate in dry ether was treated with an ethereal diazomethane solu 
tion until no further reaction occurred. The ether was removed, and the 
residue was taken up in 10 ml. of 95 per cent ethanol and a small amount 
of solid removed by centrifugation. When the alcoholic solution was con- 
centrated to about 3 ml. and allowed to cool, the product crystallized in 
beautiful clusters of pale yellow needles. Yield, 39 mg. (68 per cent of the 
theoretical), melting around 184°. After several recrystallizations from 
95 per cent ethanol, the product melted at 194-195°. It was dried in 


TABLE | 
Analyses of Diacetate of Samples of Rhein Isolated from Cassia 


Sample solvent | Melting point Dried at c H COCH; 

“Gis per cent | per cent\ per cent 

Calculated, CioHi20s 368 61.93) 3.26 | 23.36 
Acetic acid 250-251 78°, lhr., in vacuo | 61.10) 3.81 | 25.35 
95% ethanol 252-254 Room temperature, | 60.85, 3.28 | 21.82 


2 wks. in vacuo 


vacuo at 100° for 1 hour, for analysis. The absorption spectrum in 95 per 
cent ethanol is the same as that of the diacetate, shown in Fig. 2. 


CooH Os. Calculated. C 62.82, H 3.69, OCH; 8.10 
382 Found. G20). Soe. 8.35 


Synthesis of Rhein—Synthetic rhein was obtained from chrysophanic 
acid synthesized according to the method of Eder and Widmer (7). The 
chrysophanic acid was converted to rhein through the acetate, by chromic 
acid oxidation, as described by Fischer, Falco, and Gross (4). The syn- 
thetic rhein melted at 325-330°. Its diacetate melted at 250-253°, and, 
when mixed with the acetate of the isolated product melting at 250-251°, 
it gave no melting point depression. Absorption spectra of the rhein sam- 
ples and of their diacetates were identical (Figs. 1 and 2). Both the syn- 
thetic and isolated rhein samples showed antibiotic activity of 256 dilu- 
tion units per mg. 

Isolation of Rhein from Rhubarb Root—A 50 gm. batch of dry, coarsely 
ground root of Rheum officinale (rhubarb root, U.S. P., Chinese, Penick) 
was extracted as described for cassia leaves for four 1.5 hour periods, with 
one 1 liter and three 750 ml. portions of water. The combined extracts 
contained 46,400 dilution units. The solution was concentrated under 
reduced pressure to a volume of 400 ml., made 0.25 N with respect to hydro- 
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chlorie acid, boiled under a reflux for 1 hour, and extracted with methyl 
isobutyl] ketone in a continuous extractor for about 12 hours. The organie 
layer was shaken with 5 per cent sodium bicarbonate solution. On acid- 
ification, 204 mg. of crude rhein were obtained, with a potency of 64 dilu- 
tion units per mg. After purification, the potency was 256 dilution units 
per mg. The acetate of this material melted at 249-251°, and gave no 
melting point depression with the acetate of rhein isolated from cassia 
leaves. The absorption spectra of the two compounds were identical with 
those of the isolated material and its diacetate, shown in Figs. 1 and 2 
respectively. 


SUMMARY 


Simple methods for the isolation of the antibiotic principle from the 
leaves of Cassia reticulata Willd., and from rhubarb root, are described. 
The antibiotic substance, previously named ‘‘cassic acid,”’ is identified as 
4,5-dihydroxyanthraquinone-2-carboxylic acid (rhein). A new derivative 
of rhein, the methyl ester of the diacetate, is described, and absorption 
spectra are presented for this compound as well as for rhein and its diace- 
tate. 


The author wishes to express deep appreciation to Dr. Wilham J. Rob- 
bins for his kind encouragement, and also to thank Mrs. Gloria Levenstein 
for technical assistance, Mrs. Catherine Amos and Miss Corrine Massoth 
for performing the microbioassays, Mr. William Saschek (College of Physi- 
cians and Surgeons, Columbia University, New York) and Mr. Joseph 
Alicino (The Squibb Institute for Medical Research, New Brunswick, 
New Jersey) for carrying out the microanalyses, and Dr. Julian Wolff for 
preparing the figures presented in this paper. 
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A NEW COLORIMETRIC METHOD FOR THE DETERMINA- 
TION OF SERUM PROTEIN 


By HENRY A. STIFF, Jr. 
(From the Department of Pathology, Southwestern Medical College, Dallas) 
(Received for publication, July 15, 1948) 


The method for the determination of serum proteins presented in this 
communication has certain advantages over other methods now in use. It 
is simple, accurate, and determines both total protein and albumin. It 
employs a readily available inorganic standard and may be applied to 
grossly lipemic as well as normal sera. 

Reagents— 

5 per cent trisodium phosphate solution. Dissolve 50 gm. of analytical 
grade trisodium phosphate, NasPO,-12H,0, in 900 ml. of water and make 
up to | liter. 

23 per cent sodium sulfate. Dissolve 230 gm. of analytical grade an- 
hydrous sodium sulfate, Na2SO,, in 900 ml. of water and make up to 1 
liter. Store at 37°. 

Cupric phosphate. Cus3(PO4)2-3H2O, analytical grade powder. 

0.5 per cent diethyl dithiocarbamate. Dissolve 0.5 gm. of sodium diethyl 
dithiocarbamate (Eastman Kodak Company) in 100 ml. of water. Store 
in the refrigerator. 

Stock copper standard. Dissolve 0.3026 gm. of analytical grade copper 
sulfate, CuSO,-5H2O, in 900 ml. of water and make up to | liter. 

Dilute standard. Dilute 10 ml. of stock to 100 ml. Each 1 ml. contains 
7.7 y of Cu, and for calibration purposes is equivalent to 1 gm. of protein 
per 100 ml. of serum. 


Procedure 


Into each of three conical 15 ml. centrifuge tubes marked total, albumin, 
and blank, place 8.0 ml. of 5 per cent trisodium phosphate. 

To a fourth tube, called the fractionation tube, add 9.5 ml. of 23 per cent 
sodium sulfate. At the same time add 2.0 ml. of 23 per cent sodium 
sulfate to the blank. 

To the fractionation tube add 0.5 ml. of serum. Mix by inversion and 
transfer 2.0 ml. of the suspension to the tube marked total. Add 3.0 ml. 
of ether to the remaining 8 ml. of protein suspension. Stopper with a rub- 
ber stopper, shake vigorously, and centrifuge. 

Slant the tube, insert a pipette along the lower wall under the globulin 
cake, remove 2.0 ml. of the lower fluid layer, and transfer to the albumin 
tube. The fractionation tube is then discarded. 
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To each of the remaining tubes add approximately 200 mg. of powdered 
cupric phosphate. Stopper with a rubber stopper and allow to stand for 
90 minutes with occasional shaking. 

Centrifuge and transfer 0.5 ml. of the supernatant from each tube to 
a corresponding colorimeter tube containing 20 ml. of water. Add 2 ml. of 
0.5 per cent diethyl dithiocarbamate, mix, and read at 440 mu (Evelyn 
colorimeter). 


Calculations 


The total protein and albumin values may be read directly from a calibra. 
tion curve or calculated mathematically from a calibration constant (P). 

Preparation of Calibration Curve—Place 0, 2, 4, 6, and 8 ml. of dilute cop- 
per standard in a series of colorimeter tubes. Make each up to 20 ml. with 
water. Add 0.1 ml. of serum to 8 ml. of 5 per cent trisodium phosphate 
and 2 ml. of 23 per cent sodium sulfate and transfer 0.5 ml. to each tube. 
Add 2 ml. of diethyl dithiocarbamate, mix, and read at 440 mu. Plot a 
curve with protein concentrations at 0, 2, 4,6, and 8 gm. per 100 ml. against 
the logarithm of the colorimeter readings. 

Determination of Calibration Constant (R)—Substitute the colorimeter 
readings (@) and the protein concentrations (P) in the equation, R = 
P/(2 — log G@), and calculate the various values of R. The average R 
is then substituted in the equation P = LR, where L = (2 — log G), and 
this equation is used to calculate the unknown protein. 


EXPERIMENTAL 


The method is based on the ability of protein in trisodium phosphate 
solution to form a soluble copper complex from slightly soluble cupric phos- 
phate. At equilibrium the amount of copper in solution is proportional to 
the concentration of protein. 

Determination of Copper—Sodium diethyl dithiocarbamate proved to be 
the most satisfactory reagent for the determination of copper (1). Tur- 
bidity was encountered in pure copper solutions at certain concentration 
(2), but blood serum is an ideal dispersing agent, a mere trace being suffi- 
cient to render an otherwise turbid copper diethyl dithiocarbamate solution 
crystal-clear. 

The spectral transmission curve of copper diethyl dithiocarbamate as de- 
termined on a Cenco spectrophotometer showed an absorption peak at 440 
mu. With an Evelyn colorimeter equipped with a No. 440 filter, a straight 
line graph was obtained when the logarithm of the per cent transmittance 
was plotted against varying concentrations of copper. The color is stable 
for as long as 24 hours and the intensity is not affected by varying the 
temperature from 15-45°. 
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Calculation of Protein from Copper Concentration—From the Lambert- 
Beer law may be obtained the equation, C = KL, where C is the copper 
concentration in micrograms and L is the optical density (2 — log @). The 
value of K was calculated as 10.2 for the colorimeter employed. 

Since the amount of serum in the final tube is 0.005 ml., the amount of 
copper which will be brought into solution by 1 gm. of protein is expressed 
by the equation, E = 20 C/P, where E is the copper equivalent in mg. per 
gm. of protein and P is the serum protein concentration in per cent. 

From FE = 20 C/P is obtained FE = 204 L/P and P = 204 L/E. The 
value of E is constant, as will be shown, so that 204/H = Rand P = LR. 
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Fic. 1. Solubility of cupric phosphate in 4.0 per cent trisodium phosphate con 
taining 4.6 per cent sodium sulfate. 


Solubility of Cupric Phosphate in Trisodium Phosphate Solution—Tubes 
containing 8 ml. of 5 per cent trisodium phosphate and 2 ml. of 23 per cent 
sodium sulfate were brought to the temperatures indicated in Fig. 1. Ap- 
proximately 200 mg. of cupric phosphate were then added to each and the 
tubes allowed to stand with occasional shaking for 90 minutes. After cen- 
trifuging, 2.0 ml. of supernatant were removed from each tube and placed 
in a colorimeter tube containing 18 ml. of water, 0.5 ml. of a 1:100 solution 
of serum, and 2 ml. of 5 per cent diethyl dithiocarbamate. The results 
are given in Fig. 1, which shows the solubility of cupric phosphate in tri- 
sodium phosphate-sodium sulfate solution at various temperatures. The 
amount of cupric phosphate which goes into solution is of sufficient magni- 
tude to necessitate the use of a blank. 

Effect of Temperature and Concentration of Protein on Rate of Biuret For- 
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mation—Samples of pooled sera on which the protein had been determined 
by micro-Kjeldahl analysis were subjected to the procedure outlined, but 
the time and temperature for biuret formation were varied. The results 
are given in Table I. The time required for the reaction to reach equilib- 


TABLE | 


Effect of Temperature and Protein Concentration on Rate of Biuret Formation 


‘ Copper 
a Temperature Time | patel density, ex imental, se OAL 
} ‘ P, 
gm. per cent "Gs | min. gm. per cent mg. per gm 
1.26 10 5 0.0862 1.14 140 
| 15 | 0.0915 1.21 148 
30 | 0.0942 1.24 | 153 
45 0.0969 1.28 157 
60 | 0.0928 1.23 150 
909 | 0.0996 1.31 161 
| 120 | 0.0969 1.28 | 157 
40 | 5 | 0.0862 1.14 140 
15 | 0.0835 1.10 135 
30. | 0.0915 1.21 148 
45 | 0.0969 1.28 157 
60 | 0.0996 1.31 161 
90 | 0.0969 1.28 157 
| 120 | 0.0955 1.26 | 155 
7.35 10 5 0.4560 6.05 128 
15 0.4690 6.18 131 
30 | 0.4820 6.36 134 
45 | 0.5160 6.85 143 
60 0.5380 7.10 151 
90 0.5690 7.50 158 
120 | 0.5610 7.41 156 
40 | 5 | 0.4560 6.05 128 
| 15 | 0.4750 6.26 132 
30 | 0.4950 6.54 137 
45 | 0.5090 6.70 141 
60 0.5300 7.00 147 
90 0.5610 7.41 156 
7.50 


120 0.5690 | 


158 





rium is primarily dependent upon the concentration of protein. ‘Tempera- 
ture, as would be expected, increases the speed of the reaction to some 
extent, especially with higher concentrations of protein. At 90 minutes 
a point is reached where the copper equivalent is constant under the condi- 
tions studied. 

Proportionality of Copper to Protein—The protein content of a sample 
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of pooled sera was determined by micro-Kjeldahl analysis and concentra- 
tions of from 1 to 7 per cent were prepared by dilution. These dilute 
samples were then subjected to the procedure described and the amount 
of copper combining with the protein calculated. The results are shown 
in Fig. 2. 

Determination of Copper Equivalent—The copper equivalent has been de- 
fined as the amount of copper in mg. which will combine with 1 gm. of 
protein under the conditions of the test. This figure may be calculated 
from the optical density of the final tube in the procedure outlined, if the 
protein concentration of the serum is determined by another method. Ta- 
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Fic. 2. Relation between concentration of protein and concentration of soluble 
copper at equilibrium. 


ble II gives the copper equivalents as calculated from 50 determinations. 
The protein was determined by a micro-Kjeldahl procedure utilizing diges- 
tion with sulfuric acid and metallic selenium, a modified Parnas-Wagner 
steam distillation (3), and an acid-alkali titration. Serum fractionation 
was carried out by the method of Kingsley (4), whose technique is also used 
for the experimental method. The average value for the copper equivalent 
(E) for both total protein and albumin, as calculated from these figures, is 
154. 

Agreement with Kjeldahl Method—Table II also gives a comparison of 
the micro-Kjeldahl with the experimental method. The protein concen- 
trations have been calculated by using previously given values for K and 
E,so that R = 13.2. 

Precision—In order to determine the precision of the method, five de- 
terminations were made on each of seven samples of sera upon which the 








TABLE II 


Copper Equivalents and Agreement with Kjeldahl Method 





Total protein 


Copper 
Optical equiva- | Protein, 
density, L = lent, Kjeldahl, 
(2 — log G) E = 204 P; 
L/P: 
mg. per | gm. per 
gm. cent 
0.3100 | 150 | 4.20 
0.4200 140 =| 6.13 


0.4690 147 6.48 


0.4820 | 149 | 6.60 
0.4690 154 | 6.20 
0.2840 156 | 3.71 
0.3570 | 164 | 4.42 
0.2596 | 176 | 3.00 
0.5530 | 150 | 7.51 
0.5530 | 154 | 7.35 
0.2676 | 157 | 3.46 
0.3670 | 154 | 4.85 
0.4690 | 136 | 7.02 
0.4820 | 134 | 7.31 
0.3670 (153 | 4.90 
0.4200 | 165 | 5.20 
0.3770 | 154 | 4.97 
0.3350 161 | 4.23 
0.2924 | 161 | 3.70 
0.3280 150 | 4.45 
0.3980 | 158 | 5.14 
0.4500 | 162 | 5.66 
0.3850 | 152 | 5.16 
0.3640 | 159 | 4.66 
0.4030 | 158 5.20 


Average. 154.2 


* Grossly lipemic sera. 
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Optical 


pence, | feasiye 
1— Ps log G) 
gm. per 
cenit | 
+0.10 | 0.1612 
+0.58 | 0.2840 
+0.28 | 0.3100 
+0.24 | 0.3470 
0.00 | 0.3370 
—0.04 | 0.1308 
—0.29 | 0.1939 
—0.42 | 0.1308 
+0.21 | 0.3980 
+0.05 | 0.3370 
—0.06 | 0.0555 
0.00 | 0.1805 
+0.84 | 0.3370 
+0.95 | 0.2218 
+0.05 | 0.1487 
—0.35 | 0.2147 
0.00 0.1739 
—0.17 | 0.1177 
—0.18 | 0.1487 


+0.11 | 0.1805 
—0.12 | 0.1939 


'—0.29 | 0.3080 


+0.06 0.2460 
0.1939 
0.1939 


—0.12 


+0.226 


TABLE III 
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| 2.14 
| 3.76 


.10 
.60 
45 

72 


+0.04 
+0.30 
+0.04 
—0.04 
—0.49 
+0.08 
+0.25 

0.00 
+0.06 
—0.03 
—0.17 
—0.16 
+0.28 
—0.21 
—0.08 
—(0.02 
—0.04 


+0.145 


Precision of Method and Agreement with Kjeldahl Method As Applied to Clear and 


Condition of 


serum mined 
Lipemic Total 
“ “c 
“ “ 
Clear * 
“ ““ 
Lipemic Albumin 
Clear " 


Fraction deter 


Lipemic Sera 


Protein, 
Kjeldahl 
Minimum 

3.46 3.42 
4.76 4.67 
5.86 5.82 
6.48 6.20 
7.50 7.30 
1.76 1.86 
3.10 2.82 


184 


Maximum 


3.63 
4.94 
6.01 
6.51 
7.76 
2.02 
3.02 
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52 
19 
87 
32 
48 
.98 
2.88 


Protein, colorimetric method (5 determinations) 


Average 
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protein had previously been determined by the Kjeldahl procedure. The 
results are given in Table III. 

Effect of Lipemia—Table III also shows that gross lipemia has little, if 
any, effect upon the results obtained by this method. In Table II lipemic 
sera (indicated by the asterisk), as well as clear sera, were used to establish 
the copper equivalent. 

Specificity—Obviously the method is not specific for proteins. Any sub- 
stance having the biuret linkage will give the reaction as well as a number 
of compounds containing hydroxyl groups and forming soluble copper com- 
plexes. Among these are tartrates, citrates, various polyhydroxy] alcohols, 
and carbohydrates. 

From a practical standpoint, however, providing that serum is used so 
as to rule out the possible effect of an anticoagulant, none of the other 
substances which might interfere are present in sufficient concentration to 
affect the reaction. 


DISCUSSION 


By determining the amount of copper held in solution as biuret instead 
of biuret itself, a sufficient increase in sensitivity is obtained so that any 
turbidity produced by lipemia is diluted out. By basing the determination 
on the amount of copper present instead of on the amount of protein, the 
method may be standardized against copper instead of protein. 


SUMMARY 


A new method for the determination of serum total protein and albumin 
is presented. 

The method is simple and accurate. It is based on an inorganic stand- 
ard, and may be applied to lipemic as well as normal sera. 

The results compare favorably with those obtained by use of the micro- 
Kjeldahl procedure. 
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ALLOXAN AND DIALURIC ACID: THEIR STABILITIES 
AND ULTRAVIOLET ABSORPTION SPECTRA 


By JOHN W. PATTERSON ann ARNOLD LAZAROW 
WITH THE TECHNICAL ASSISTANCE OF F. J. Lem 


(From the Department of Anatomy, Western Reserve University, Cleveland, Ohio) 


AND STANLEY LEVEY 


(From the Department of Physiological Chemistry, Wayne University College of 
Medicine, Detroit, Michigan) 


(Received for publication, July 19, 1948) 


It was the purpose of this investigation to determine the ultraviolet 
absorption spectra of alloxan and dialuric acid. Previous investigators 
(1-3) reported that these substances had absorption spectra without defi- 
nite maxima. However, since preliminary studies indicated that maxima 
were present under certain conditions, it was thought that a more careful 
investigation should be made. 

Although Dixon and Zerfas (4) reviewed the literature and concluded 
that alloxan was stable at pH 7.0, others (5-8) found alloxan to be un- 
stable in neutral and alkaline solutions. Since alloxan decomposed as a 
first order reaction (9), its absorption spectrum was measured by a deter- 
mination of the decomposition rate and extrapolation to zero time. 

Dialuric acid was reported to be unstable in acid as well as in alkaline 
solutions, because of its ease of oxidation by dissolved air (1, 7, 8). Since 
dialuric acid was prepared by the reduction of alloxan with cysteine (6), 
oxidation of dialuric acid by air was prevented by the addition of cysteine, 
and the ultraviolet absorption spectrum thus determined. Inasmuch as 
the ultraviolet absorption of cysteine was low (9), this did not interfere 
in the measurements. 


EXPERIMENTAL 


All measurements were made on a Beckman photoelectric quartz spectro- 
photometer, with 1 cm. quartz cells. 

Decomposition of Alloran—Alloxan (Eastman Kodak) was dissolved in 
dilute hydrochloric acid solution (1 drop of concentrated hydrochloric 
acid to 100 cc. of distilled water) in concentrations of 0.05, 0.005, and 0.0095 
M. Phosphate buffer (0.17 mM) was made up so that on dilution 1:1 with 
alloxan it would give the desired pH as checked with a glass electrode. 
Acetate buffer was used at pH 4.0 and 5.0. A mixture of alloxan (concen- 
tration depended on wave-length under consideration) and buffer in equal 
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amounts was then made and the extinction measured at a predetermined 
wave-length against a blank consisting of a mixture of buffer and water 
in equal amounts. Readings were taken every half minute after mixing. 

The observed extinctions fell rapidly with time. A plot of the logarithm 
of the observed extinction against time gave a straight line. The slope of 
this plot was greater at 270 my than at other wave-lengths. Since the 
total extinction is equal to that of alloxan plus that of the decomposition 
products of alloxan, the greater slope at 270 my indicated that the contri- 
bution of the decomposition products to the total extinction was less at 
this wave-length than at others. The contribution of the decomposition 
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products to the total extinction should be accounted for in a calculation of 
the amount of alloxan present at any time. However, when simultaneous 
equations were set up in the usual manner (10), it was found that the 
contribution of the decomposition products was small (« = 20 at 270 mz) 
and could be neglected during the first 2 or 3 minutes. The rate of de- 
composition was determined at 37° for several pH values and the results 
are indicated in Fig. 1. The dotted transverse line indicates the point of 
50 per cent decomposition. At pH 7.4 the half life of alloxan was 0.9 
minute. At room temperature (about 25°) the rate at decomposition was 
slower. The half life at pH 7.4 was 2.2 minutes. In 0.5 N sodium hydrox- 
ide solution the rate was so rapid that there was no change in extinction 
after the 1st minute. 

Absorption Spectrum of Allocan—Since the decomposition of alloxan was 
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a first order reaction (log of alloxan versus time gave a straight line), it was 
possible to calculate the extinction at zero time. The extinction values 
for alloxan at different wave-lengths were obtained by extrapolation of the 
data obtained in the decomposition of alloxan. The results are tabulated 
in Table I and shown in Fig. 2. 

Absorption Spectra of Dialuric Acid—Dialuric acid was prepared by the 
reduction of alloxan with stannous chloride (11). M.p., 224°; N, 19.24 
per cent (determined); N, 19.4 per cent (calculated). 


TABLE | 


Absorption Spectra Data on Alloxan 


Molecular extinction 


Wave- : ee Se : - 

length 10 per cent | | = 
| sO. pH 4.0 | pH 5.0 | pH 6.0 | pH 6.4) pH6.8 | pH74 | pH7.8 

mp | 

220 | | | 5900 | 5200 6400 | 6300 

230 | 2900 | 2800 | 3000 4000 3600 

235 | 1400 1200 | 1400 1600 | 2100 | 2400 3600 3500 

240 660 650, 710, 940) 1500 | 2500 | 3800 = 3800 6.8 

245 | 330 360 420; 770 | 1500 | 2500 4800 | 4800 6.8 

250 | 160 , 190, 230; 590| 1200 | 2200 | 4100 | 4000 6.8 

255 | 94 120, 160)| 480 | 1000 | 1800 | 3400 | 3400 | 6.8 

260 | 92 90 120, 348} 800| 1300 | 2600 | 2600 | 6.8 

265 | 94 | | | | | 

270 | 90 74/ 82) 150] 250} 450] 980 | 980 | 7.0 

280 56 44; 46| 75 | 98} 150] 280 | 270 | 6.9 

290 17 12 14 32} 40; 58| 12 | 130 | 6.8 

300 2.4 4} 15| 18 | 28 |} 52 | 60 

310 | | i 2 26 | 

340 | | 9.8] 9.6] 


When dialuric acid was placed in buffer at pH 7.4, the extinction at 270 
my fell rapidly as a result of oxidation by dissolved air. Since the specific 
extinction of dialuric acid was high, extreme dilutions were necessary for 
measurement in the spectrophotometer, and minute amounts of dissolved 
oxygen were sufficient to destroy the dialuric acid. An attempt was made 
to determine the absorption spectrum of dialuric acid in freshly boiled 
buffer, pH 7.4. It showed a maximum at 275 mu, but the molecular ex- 
tinction was only about 20 per cent of the true value. Therefore, at- 
tempts were made to find a reagent that would prevent the oxidation of 
dialuric acid. Dialuric acid in concentrated sulfuric acid was stable and 
dilution with water gave a spectrum with a maximum at 270 mu (e = 


2900). In 1 per cent hydrochloric acid, dialuric acid was not stable, but 
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the addition of 100 moles of cysteine for each mole of dialurie acid stabilized 
the spectrum and gave a maximum at 270 mu (e€ = 3200). This value was 
nearly the same as that obtained in sulfuric acid without cysteine. With 
the aid of cysteine, the spectrum of dialuric acid was also obtained at pH 
7.4. It showed a maximum at 275 my (e = 16,500). At pH 3.2, cysteine, 
added to a dialuric acid solution, did not prevent the fall in extinction as 
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Fig. 2. Molecular extinction of alloxan at various pH values 


well as at pH 7.4 or at less than pH 1.0. When a solution at pH 7.4 was 
diluted with buffer to give a final pH of 3.2, there was a maximum at 275 
my (€ = 9600) $ minute after dilution which decreased after 43 minutes to 
¢ = 7700. The spectra obtained with dialuric acid are shown in Fig. 3. 


DISCUSSION 


Alloxan, containing an active carbonyl as a result of its location be- 
tween two carbamide groups, exists as the monohydrate. One of the hy- 
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Fre. 3. Molecular extinetion of dialuric acid 


droxyl groups resulting from the hydration of the carbonyl is basic and will 
ionize in acid solution. It has a pK value of less than 1.0 (7). The hydro- 
gen atoms attached to the 2 nitrogen atoms are acidic and will ionize in 
alkaline solutions. They have pK values of 7.2 and 10.0 (7, 12). 

As a solution of alloxan is made progressively more alkaline, the disso- 
ciation of the first acidic hydrogen becomes more complete. At the same 
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time the half life of alloxan becomes shorter (Fig. 1); so that it would seem 
that the electronic structure necessary for decomposition is achieved by 
ionization of the first acidic hydrogen. At higher pH values at which both 
acidic hydrogens are ionized, the decomposition is much more rapid. 
With potentiometric methods, Richardson and Cannan (7) reported a half 
life of 1 minute at pH 7.4 and 30°. The value obtained by absorption 
spectra, of 0.9 minute at pH 7.4 and 37°, checks with their result. 

Because of the instability of alloxan, stock solutions must be kept at 
less than pH: 3.0, and experimental work at pH values greater than this 
must be interpreted with the instability of alloxan in mind. 

With the dissociation of the first acidic hydrogen, the absorption spec- 
trum of alloxan develops a maximum at 245 my which reaches an optimum 
value at pH 7.4. Increase of pH to 7.8 produces little change. That this 
maximum is related to ionization can be checked by calculation of the pK 
value from the absorption data and comparing it with that reported by 
other methods. This is accomplished (13) by proper substitution in the 
Henderson-Hasselbalch equation. 


E [HA] 
(1) K = pH + log 
p p og [A-] 
For an acid, 
(2) HA 2 H* + A 


The resultant or observed extinction is equal to the sum of the contribu- 
tion of all absorbing substances. 


(3) Etota = Ena + Ea- 


In turn each of these terms, by Beer’s and Lambert’s laws, is equal to its 
specific extinction multiplied by its concentration. 


(4) k({HA] + [A-]) = knalHA] + ka-[A7] 


Thus the value k is the specific extinction resulting in part from HA and 
part from A~, the proportion depending on the pH. In alkaline solution, 
in which [HA] is at a minimum, k will tend to equal k,-, and in acid solution, 
in which [A~] is at a minimum, k will tend to equal ky,. 
By solving equation (4), 

[HA] _ (ka-) — (&) 


(5) [A-] (k) — (ka) 


By substituting in equation (1), 


(ka-) = (k) 


6) er Ee (k) — (kwa) 
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Since HA and A~ have essentially the same molecular weight, pK can be 
calculated for any wave-length by substituting molecular extinctions (e) 


for k, kya, and k,-. 


At a given wave-length, ¢ will be the value at the pH 


under consideration (pH 6.4 was used in calculation), €4, will be the value 
in the most acid pH (4.0), and €,- the value in the most basie pH (7.4 or 


7.8, which are nearly the same). 
(7) pK = pH + log 


The calculated values are shown in 


Table I. 


(ea-) — (e) 
(e) — (ena) 





The pK value averages 


about 6.8 and is only in rough agreement with the value 7.2 which is re- 


ported by others (7, 10). This may be 


accounted for by the fact that the 


values for e,- and €y,4 are affected by the dissociation of other groups at 


more alkaline and more acid pH levels. 
tion, the absorption spectra correlate 


This being taken into considera- 
with ionization of the first acidic 


hydrogen of alloxan, and the structures (I) probably account for the 


maximum at 245 mu. 
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In acid solution the basic OH group of alloxan is expected to dissociate. 
In 10 per cent sulfuric acid there is a maximum at 265 my (€ = 94) and the 
extinctions in this part of the spectrum are higher than at pH 4.0. This 
supports the idea that the maximum seen in acid solutions results from the 
formation of the cation shown in structure II. 

Dialuric acid is the reduction product of alloxan with one of the hydroxy] 
groups replaced by a hydrogen atom. ‘This hydrogen is acidic and has a 
pK value of 2.8 (7, 12). Unlike alloxan the hydrogens attached to nitro- 
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gens are not readily ionized; pK values are greater than 11.0. In acid 
solution, dialuric acid shows an ultraviolet absorption maximum at 270 
mu (€ = 3200). At pH 7.4 the maximum is increased in intensity and 
shifted to 275 mu (e€ = 16,500). This increase in intensity at pH 7.4 is 
consistent with ionization to the anion shown in structure ITI. 

The fact that there is a maximum even in acid solution indicates that 
there may be an equilibrium (structure IV). This interpretation is con- 
sistent with that given for the absorption spectra of barbiturie acid (3). 

Calculation of a pK value for dialuric acid, in a manner similar to that 
used for alloxan, gives a value of 3.2 as compared with 2.8 reported in the 
literature. When the ease of oxidation of dialuric acid is taken into 
consideration, these values are considered as reasonable checks. 


SUMMARY 


1. The decomposition of alloxan was studied and shown to be a first 
order reaction with a half life of 0.9 minute at pH 7.4 and 37°. Rates at 
other pH values were also noted. At room temperature at pH 7.4 the half 
life of alloxan was 2.2 minutes. 

2. The absorption spectrum of alloxan was determined at various pH 
values by extrapolation of the decomposition data at zero time. At pH 
7.4 a maximum was found at 245 mu (e = 4800). This was interpreted as 
being the result of the ionization of the first acidic hydrogen. The pK 
value of this ionization was found to be 6.8. In 10 per cent sulfuric acid a 
maximum was found at 265 my (€ = 94), which was interpreted as being 
the result of the ionization of the basic OH group. 

3. The absorption spectrum of dialuric acid was obtained by adding 
cysteine to prevent oxidation. It showed a maximum at 275 my (e = 
16,500) at pH 7.4 and at 270 my (e€ = 3200) in 1 per cent hydrochloric 
acid. The maximum is thought to be the result of the keto-enol equilib- 
rium and ionization of the acidic hydrogen on carbon 5. The pK value for 
ionization was found to be 3.2. 
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THE SULFHYDRYL GROUP 


By JOHN W. PATTERSON anp ARNOLD LAZAROW 
WitH THE TECHNICAL ASSISTANCE OF F. J. Lemu 


(From the Department of Anatomy, Western Reserve University, Cleveland, Ohio) 


AND STANLEY LEVEY 


(From the Department of Physiological Chemistry, Wayne University College of 
Medicine, Detroit, Michigan) 


(Received for publication, July 19, 1948) 


It was the purpose of this investigation to study the reaction between 
alloxan and the sulfhydryl group of cysteine and compounds containing 
cysteine. 

Alloxan injected into animals produced diabetes (1). Cysteine or gluta- 
thione injected prior to alloxan, but not after alloxan, protected animals 
from diabetes (2). On the basis of these data it was postulated that alloxan 
produced diabetes by the inactivation of essential sulfhydryl enzymes. 
Since the action of alloxan was not affected by cysteine or glutathione given 
after the injection of alloxan, it seemed probable that inactivation would 
involve combination with an essential sulfhydryl group rather than oxida- 
tion to the disulfide linkage, since the latter would be a reversible change. 
Some workers (3, 4) believed that the main action of alloxan on sulfhydryl 
groups was oxidation. Therefore, more data on the reaction of alloxan 
with cysteine and its derivatives were desirable. 

Since the compounds involved in this study were unstable, it was thought 
that the best approach would be to study the changes in the ultraviolet 


absorption spectrum of alloxan as it was mixed with cysteine and its deriva- 
tives. 


EXPERIMENTAL 


All measurements were made on a Beckman photoelectric quartz spectro- 
photometer with 1 cm. quartz cells. 

Alloxan and Cysteine—Alloxan (Eastman Kodak) was dissolved in acid 
solution (1 drop of concentrated hydrochloric acid to 100 cc. of water) to 
give a concentration of 0.05 m. Cysteine hydrochloride was made up as 
0.05 m and 0.5 m solutions. Phosphate buffer (0.33 m) was made to give a 
final pH of 7.4 as checked with a glass electrode. 

Mixtures of alloxan, cysteine, and buffer were made, and the extinction 
followed at 275 mu until it became stable or started to decrease. At this 
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point the absorption spectrum was determined. ‘The blank contained the 
same reagents as the sample except that alloxan was omitted. The results 
are shown in Fig.1. Dialuric acid with cysteine under the same conditions 
gave similar results except that the extinctions between 320 and 360 mu 
were a little lower. 

Alloxan and Glutathione Alloxan and glutathione solutions were mixed 
in a manner similar to that described for alloxan and cysteine. The ex- 
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Fic. 1. Absorption spectra of cysteine with 0.0002 m alloxan (Curves 1 to 3) and 
0.001 vt alloxan (Curve 4). 


tinction was measured at half minute intervals at 305 my until the values 
were constant. The absorption spectrum was then measured, with use of a 
blank including all reagents except alloxan. When glutathione was in 
excess, the spectrum was also measured about 10 minutes after mixing. 
The results are shown in Fig. 2. Dialuric acid with glutathione gave essen- 
tially the same results as alloxan under the same conditions. The rate of 
formation of the maximum at 305 mu with various concentrations of alloxan 
and glutathione is indicated in Table I. 

Alloxan placed in buffer of pH 7.4 and followed at 305 mu showed a drop 
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e in extinction with decomposition. Oxidized glutathione added to alloxan 
™ at pH 7.4 did not affect the drop in extinction observed with alloxan alone. 
1S a | T aa T T T T 
Wn r a" 

! 2 
zat 
4 4.00 m= _ 


3.00}- 





Log i0 molar 


ALLOXAN + GLUTATHIONE pH 7.4 
1. 1:9 after 140 min. 
200K 2. 1:9 after 10 min. 
3. Ii} after 10 min. 











i L j . i lL a 1 
220 240 200 280 300 320 340 360 
A (my) 


Fig. 2. Absorption spectra of alloxan (0.0002 m) and glutathione 


TABLE | 
Rate of Formation of Substance 305 


Molar concentration émolar® at 305 my, pH 7.4 


and _. Alloxan Cysteine 








1min. | 2 min. | 3 min. | Maximum 
0.0001} 0.001 | 0 =| 5400 $200 9800 11,000 ( 6 min.) 
lues | 09-0002! 0.0002 | 0 1780 | 2850 3600 4,800 (14 “ ) 
9 0.0022 | 0.0002 0 3900 5980 | 7240 17,400 (90 ‘ ) 
as 0.0002 | 0.0002 0.0022 980! 1300) 1430 1,630(6 “ ) 
iS m 0.0001 0.001 0.010 | 310 350 310 350(2 *‘ ) 
xing. ne —— 
uid * Calculated on the basis of the substance in the lowest concentration. 
te of 


Alloxan and Protein—Crystalline egg albumin! (5 cc. of 1.2 per cent) was 


—- mixed with alloxan (5 cc. of 0.01 m) and then added to buffer (pH 7.4) to 


drop ' We are indebted to Dr. K. C. Robbins for the sample of crystalline egg albumin. 7 
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make 25 cc. The extinction increased at 305 mu, and the absorption spec- 
trum was measured at 30 minutes. The blank contained identical reagents 
except that alloxan was omitted. A second solution was made which dif- 
fered from the first in that the egg albumin was denatured by the incor- 
poration of Duponol (5 ce. of 2.4 per cent). The results are shown in Fig. 3. 
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ALLOXAN + EGG ALBUMIN 
2.00} |. Denatured, after 30 min. + 
2. Undenatured ,after 30 min. 











n l ! l l \ 
220 240 260 280 300 320 340 360 
A (ma) 
Fia. 3. Alloxan (0.002 m) with crystalline egg albumin (0.24 per cent) and Duponol 
PC (0.48 per cent) at pH 7.4 at 30 minutes (Curve 1), and without Duponol PC (Curve 
2). 


DISCUSSION 


Alloxan on decomposition gives a spectrum which is much lower than 
that of alloxan itself (Fig. 4). A mixture of a sulfhydryl compound and 
alloxan, however, gives a spectrum which is higher than that of alloxan. 
Since the sulfhydryl compounds themselves have little ultraviolet absorp- 
tion (5), and since they are present in the blank as well as the sample, the 
increase in extinction is indicative of a reaction between alloxan and a sulf- 
hydryl compound. This reaction occurs at room temperature at pH 7.4. 

The reaction of alloxan with 10 parts of cysteine (Fig. 1) gives a maxi- 
mum at 275 my as the result of reduction to dialuric acid. With time the 
dialuric acid is oxidized by dissolved air, and a broad band appears between 
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320 and 360 mu. 
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mixed in equal proportions. 
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This band is also noted when alloxan and cysteine are 


The substance causing this absorption is not 


A mixture of 9 parts of glutathione and 1 part of alloxan gave an initial 
maximum at 275 my and strong inflection at 305 mu. 
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A mixture of equimolar amounts of alloxan and glutathione 
gives a maximum at 305 mu, but it is not possible to demonstrate a maxi- 


mum at 275 mu even if the spectrum is determined immediately after 
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mixing. That glutathione will reduce alloxan to dialurie acid is evident 
from the maximum at 275 my, which is seen early in the reaction of 1 part 
of alloxan with 9 parts of glutathione. 

Dialurie acid is readily converted to alloxan by dissolved air (3, 6). 
Therefore it is not surprising that dialuric acid reacts with cysteine and 
glutathione to give essentially the same results as does alloxan. However, 
since cysteine and glutathione will reduce alloxan to dialuric acid, the 
question arises as to whether dialuric acid or alloxan is reacting to give sub- 
stance ‘305.” This question is answered by the results obtained with 
different ratios of alloxan and glutathione. 

Reduction of alloxan to dialuric acid involves the reaction of 2 moles of 
glutathione for each mole of alloxan. Therefore, there should be the 
greatest amount of dialuric acid when glutathione is in excess, less when 
there are equal amounts of alloxan, and still less when alloxan is in excess. 
Under the last condition any small amount of dialuric acid formed is rap- 
idly oxidized by air. Thus, the rate of reaction of alloxan with glutathione, 
if dialuric acid is an intermediate, should be greatest when glutathione is in 
excess, less when glutathione and alloxan are present in equal amounts, and 
least when alloxan is in excess. However, if alloxan is reacting directly with 
glutathione to form substance 305, then the rate of reaction should be least 
when alloxan and glutathione are present in equal amounts and greater 
when alloxan or glutathione is present in excess. The latter postulation fits 
the facts, as seen in Table I, and it is therefore possible to state that sub- 
stance 305 is formed by the reaction of alloxan and glutathione. The 
greatest maximum is obtained with an excess of glutathione. When al- 
loxan is in excess, decomposition is evident soon after the optimum extinc- 
tion is reached. With excess glutathione some of the alloxan is converted 
to dialuric acid and slowly oxidized back to alloxan, which then can react 
with glutathione to form substance 305. 

Alloxan mixed with 10 parts of cysteine is 60 per cent converted to 
dialuric acid in the Ist minute; therefore, the addition of cysteine to an 
alloxan-glutathione mixture should increase the rate of formation of sub- 
stance 305 if dialuric acid is an intermediate. Since the results (Table I) 
are just the opposite, this is further indication of the fact that alloxan, 
rather than dialuric acid, reacts with glutathione to form substance 305. 

Oxidized glutathione is formed from 2 molecules of the reduced form and 
has a disulfide linkage instead of a sulfhydryl group. Other functional 
groups are unchanged. Since alloxan does not react with oxidized gluta- 
thione to form substance 305, this substance must result from a reaction 
between alloxan and the sulfhydryl] of glutathione. The exact nature of the 
product is unknown but it may be an addition product similar to that de- 
scribed by Schubert (7). 
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The sulfhydryl groups of native crystalline egg albumin will not give a 
test with nitroprusside reagent; however, after denaturation they are 
“free” and will give a test with nitroprusside (8). Some of these “free” 
sulfhydryl groups may be present in an amino acid configuration that will 
react with alloxan to form a substance with an absorption maximum at 305 
my, whereas others may react with alloxan in a manner similar to cysteine 
and not contribute appreciably to a maximum at 305 my. Denatured pro- 
tein does react with alloxan to produce a substance with a maximum at 
305 mu (€ = 2800, based on the protein; molecular weight 34,000). 
The extinction is 10 times as great as that of the native protein with 
alloxan. ‘The similarity of the curve to that obtained with alloxan and 
glutathione indicates that at least some of the sulfhydryl groups react in a 
manner similar to the sulfhydryl groups in glutathione. If substance 305 
is an addition product of alloxan and glutathione, then the formation of an 
addition product between alloxan and a protein may be a mechanism for 
irreversible inactivation of essential sulfhydryl enzymes. The significance 
of this in the mechanism of alloxan diabetes was discussed in a preliminary 
note (9). 

The reactions of alloxan with the sulfhydryl group are summarized in the 
accompanying diagram and the absorption spectra of the substances are 
illustrated in Fig. 4. 


y. decomposition products 


Pod 


Alloxan — dialuric acid 


RSH\, 


\ R-S-alloxan 


SUMMARY 


Study of the evidence obtained from ultraviolet absorption spectra indi- 
cates the following: (1) Alloxan reacts with cysteine to form dialuric acid. 
(2) Alloxan reacts with glutathione to form dialuric acid and a substance 
giving a maximum at 305 my (e = 17,400). This substance 305 results 
from a reaction involving alloxan and the sulfhydryl group of glutathione. 
It is thought to be an addition product of alloxan and glutathione. (3) 
Alloxan reacts with crystalline egg albumin to give a maximum at 305 mu, 
which is increased 10-fold following denaturation of the egg albumin. 
(4) The substance giving a maximum at 305 mu may be involved in the 
diabetogenic mechanisms of alloxan. 
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DETERMINATION OF TRYPSIN IN THE PRESENCE OF EGG 
WHITE TRYPSIN INHIBITOR AND DEMONSTRATION 
OF ABSENCE OF TRYPSIN FROM EGG WHITE 


By HANS LINEWEAVER, HEINZ FRAENKEL-CONRAT, anv ROSS S. BEAN 


(From the Western Regional Research Laboratory,* Albany, California) 
(Received for publication, August 2, 1948) 


Several investigators (1-4) have reported that egg white contains no 
active proteinase. On the other hand, Balls and Hoover (2) noted in 1940 
that no method was available to determine whether an inhibited or inactive 
proteinase is present in egg white, which contains a large amount of trypsin 
inhibitor (ovomucoid (5)). A recent finding in this Laboratory has made 
it possible to determine trypsin in the presence of ovomucoid and therefore 
to demonstrate that, within experimental error, egg white contains no in- 
hibited trypsin. In recent tests involving a number of proteinases, only 
trypsin was inhibited markedly by ovomucoid;! therefore it is also un- 
likely that inhibited proteinase of any kind occurs in egg white. 

The question whether egg white contains proteinase originally became of 
interest when it was suggested many years ago that naturally occurring 
proteinase causes thinning of egg white when eggs are stored (1). The 
suggestion was given credence by the demonstration that addition of 
pancreatic proteinase to thick egg white accelerates thinning (2, 6). The 
possibility that naturally occurring proteinase causes thinning became 
less likely, however, when no active proteinase could be demonstrated in 
egg white; this possibility is now further minimized, since egg white con- 
tains no inhibited trypsin and therefore no traces of trypsin activity 
that might arise from incomplete inhibition. 

The determination of trypsin in the presence of ovomucoid is based on 
the discovery that acetylated trypsin is active as a proteinase but is not 
inhibited by ovomucoid (7). As expected from this finding, the trypsin 
in a mixture of ovomucoid and trypsin or of egg white and trypsin became 
nearly fully active when either mixture was acetylated (Table 1). Trypsin 
was not present in the precipitate that forms when egg white is dialyzed 
(Table I, Experiment 5). 


* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Admin- 
istration, United States Department of Agriculture. 

1 The trypsin inhibitor is not a general proteinase inhibitor. Unpublished results 
of Lineweaver and Bean show that trypsin is more than 25 times as sensitive to the 
egg white trypsin inhibitor as is any of a number of other proteinases tested. 
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The absence of trypsin from egg white within the sensitivity limits of the 
experiments is shown by the data in Table II. 

The possibility that inactivation of trypsin at the slightly alkaline pH 
(about 8) of egg white (where trypsin is known to be unstable) may have 


TABLE | 


Determination of Trypsin Content in Presence of Ovomucoid (Antitrypsin 


Trypsin activity, per cent 
of activity of control* 


mapgeeant Material assayed 
oa After 
Original acetylationt 

| Trypsin, control 100 85 

2 “ 1 part, + ovomucoid, 15 parts <1 70 

3 " 1 “ + egg white, 130 parts, equiva- <1 65 
lent to 15 parts ovomucoid 

4 Same as Experiment 3, but assayed by slightly 75 
different procedure 

5 Insoluble fraction of egg white-trypsin mixture <0.01 


* The crystalline trypsin obtained from Dr. Moses Kunitz was used in these ex- 
periments. The Anson ((8) p. 155) hemoglobin method of assay was used. The 
values for the acetylated samples were determined by interpolation from the curve 
relating color value and trypsin units for untreated trypsin, sinee the relation is 
practically the same for treated and untreated trypsin. 

t Acetylation of the amino groups and isolation of the proteins by subsequent 
dialysis against dilute acid were carried out as described previously (7). Acety! 
trypsin has about half the activity of crystalline trypsin. The figures exceed 50 per 
cent because the control loses activity more rapidly than acetyl trypsin during di- 
alysis. 


TaBLe II 
Absence of Trypsin from Egg White 


| bis > activity, per cent 
o 





cape Missaclel emmaned activity of control 
Untreated | Acetylated* 
1 Trypsin, control 100 | 85 
2 Egg white from commercial eggs | <0.06 | <0.006 
3 “cooled to 0° within 15 min. after egg <0.002 


was laid 


* See foot-notes to Table I. 


been responsible for our failure to find trypsin in commerical eggs was 
minimized by Experiment 3 of Table IIT. To reduce inactivation prior 
to acetylation, egg white was separated and cooled to 0° within 15 min- 
utes after the eggs were laid. It was acetylated the next day and treated 
in the same way as the samples described in Table I. 
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Only speculation can be offered regarding the function of a specific 
trypsin inhibitor in egg white. The possibility of usefulness in the develop- 
ment and preservation of the egg immediately comes to mind; it is of more 
value, perhaps to compare this inhibitor with the trypsin inhibitor of the 
pancreas. The latter does play a very important part in regulation of 
the activation of trypsinogen and therefore in control of the action of 
trypsin ((8) pp. 97,98). It is unlikely that a similar situation exists in egg 
white, sce trypsin and probably trypsinogen do not occur therein. Our 
experiments do not prove unequivocally that trypsinogen is absent from 
egg white but do show that, if present, then acetyl trypsinogen (formed 
during the acetylation reaction) cannot be activated by acetyl trypsin. 
This conclusion follows from the findings that essentially the same trypsin 
activities were recovered in Experiments 3 and 4 of Table I, in which egg 
white containing added trypsin was acetylated and assayed, and in experi- 
ment 2, in which no egg white was present. 


We are indebted to Dr. Moses Kunitz of the Rockefeller Institute for 
the crystalline trypsin used in this work. 


SUMMARY 


A mixture of trypsin and ovomucoid (the inhibitor of trypsin found in 
egg white) that exhibits no detectable proteolytic activity exhibits (when 
acetylated) at least three-fourths of the activity of acetyl trypsin, because 
acetylated trypsin is not inhibited by ovomucoid. Acetylation was used 
to show that egg white, which contains about 12 per cent of a trypsin 
inhibitor, contains less than 0.004 per cent trypsin (solids basis). 
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THE DISTRIBUTION IN NORMAL TISSUES OF 
RADIOACTIVE SULFUR FED AS LABELED 
METHIONINE* 


By ALFRED R. MAASS, FRANK C. LARSON, ann EDGAR 8S. GORDON 


(From the Department of Medicine, University of Wisconsin, Madison) 
(Received for publication, July 23, 1948) 


The use of “methionine S*” (1) for the study of liver metabolism has been 
the subject of several investigations recently. Thus far attempts to use 
this labeled amino acid in human experiments have not met with general 
approval because of uncertainties concerning the rate of turnover of sulfur 
in the body. It is considered essential that a reasonably accurate estimate 
of radiation dosage to various tissues be made experimentally before any 
extensive use of radioactive sulfur can safely be undertaken in clinical 
studies. An attempt at such an estimate is reported in this paper in which 
attention is paid only to the distribution of radioactivity in the tissues. 


Methods 


Experimental Animals—Two adult male rats and a mongrel female dog 
were chosen for the distribution studies. The two rats were fasted for 36 
hours and then each was fed approximately 1 gm. of methionine S® mixed 
with meat paste. The dog was fasted for 48 hours and then given approxi- 
mately 3.7 gm. of methionine S* by stomach tube. This procedure caused 
vomiting. The material vomited was readministered. 

To determine the ‘effective life’ of S** administered as methionine, two 
series of rats were used. The first series consisted of seventeen adult fe- 
male rats. 200 mg. of methionine S® were administered intraperitoneally 
in distilled water. The second series consisted of ten young male rats to 
which 8 mg. of methionine S* were administered by stomach tube. 

The animals were housed in individual cages with raised screen bottoms. 
The stock diet of Dickinson’s dog pellets had the approximate composition, 
24 per cent crude protein, 4 per cent fat, and 3.5 per cent fiber. 

The methionine administered to all but the series of young male rats had 


* Supported in part by the Research Committee of the Graduate School from funds 
supplied by the Wisconsin Alumni Research Foundation, and in part from funds 
received from the United States Public Health Service. This study is a part of a 
joint investigation coordinated through the Josiah Macy, Jr., Foundation of New 
York. Other members of the group include Dr. Paul Gyérgy, University of Pennsyl- 


vania; Dr. Sidney Madden, Emory University; and Dr. Lawrence Kinsell, University 
of California. 
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an activity of 91 microcuries per gm. In the latter series methionine with 
an activity of 2.24 millicuries per gm. was given. 

Selection and Treatment of Tisswes—All of the animals were anesthetized 
with ether, exsanguinated by cardiac puncture, and the tissues removed 
were immediately weighed. Whenever possible the organs were taken 
in toto. The pancreatic tissue of a rat, however, is so diffuse that removal 
of the whole gland, in most cases, is impossible. Separation of the pan- 
creatic tissue from extraneous material was facilitated by immersion in 
water. Under these conditions the glandular tissue has a dark pink color 
which permits it to be separated easily from the surrounding fat. Muscle 
was uniformly chosen from the right fore limb, care being taken to exclude 
connective tissue. The right humerus was used in all bone studies. No 
attempt was made to separate bone from bone marrow. The stomach and 
intestines were washed repeatedly (four to six times) with physiological 
saline solution to separate the contents from the tissue. 

The samples were prepared by two separate procedures. In the dis- 
tribution studies the activity of the tissues was sufficiently high, so that a 
simple acid digestion procedure was adequate. In the “effective life” 
study an alkaline oxidation procedure was used which resulted in more com- 
plete oxidation of extraneous material and therefore less non-sulfur residue. 

Acid digestion was accomplished in the following manner: The weighed 
tissues were placed in flasks and digested by refluxing for 24 hours with 
concentrated nitric acid. The solutions were made up to a known volume 
from which 0.5 cc. aliquot portions were removed for assay. These alli- 
quots were dried on watch crystals under an infra-red lamp and counted. 

Recoveries, in which known amounts of methionine S®*® were added to 
various tissues, digested, dried, and counted, were within the expected 
limits of error. Nitric acid digestion, however, was never complete. Or- 
ganic residues, though small, always remained. Attempts to oxidize the 
tissue completely and thereby reduce residual weight were made by treat- 
ment with 30 per cent hydrogen peroxide, perchloric acid, bromide, phos- 
phoric acid, and fuming nitric acid, alone or as mixtures. These reagents 
either failed to lower the weight of the residue or did not permit quantita- 
tive recovery of added methionine S*. 

The procedure used for alkaline digestion was that suggested by Bailey 
(2). The tissues were placed in an oven and dried at 105° overnight. 
Approximately 500 mg. portions of the dried tissue were accurately weighed 
and placed in iron crucibles. The tissue was hydrolyzed for 6 to 8 hours 
with 10 ce. of 10 per cent NaOH ona steam bath. After the hydrolysates 
were concentrated to approximately 1 cc., 4 gm. of anhydrous Na,CO; 
were added and the mixture dried at 105° overnight. 4 gm. of NasO: 
were then added and the mixture slowly fused to a cherry-red color. 
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The solution of the melt was acidified with concentrated HCl to approxi- 
mately pH 3, filtered, and made up to a known volume. An aliquot of 
the solution was pipetted into a glass centrifuge tube with a removable 
flat bottom and carrier sulfate was added.! The solution was then heated 
over a steam bath and the sulfate precipitated from the warm solution by 
the dropwise addition of 10 ce. of a 10 per cent solution of BaCh. The 
samples were centrifuged at 3000 r.p.m. and the precipitate washed twice 
with distilled water. The supernatant fluid was removed by siphoning 
after each centrifugation. The sides of the centrifuge tube were carefully 
washed down a third time with a small quantity of 50 per cent aleohol 
solution. The bottom of the centrifuge tube was removed, the alcohol 
evaporated at room temperature, and the sample dried over Drierite in a 
vacuum desiccator. 

Measurement of Radioactivity—All radioactivity measurements were 
made with a commercial bell-shaped, self-quenching Geiger-Miiller tube 
(window thickness 2.6 mg. per sq. cm.). The counter tube was mounted 
within a 1.5 in. lead shield which reduced background count to approxi- 
mately 30 counts per minute. The counter was standardized against a 
uranium standard, to take into account changes in counting efficiency, 
before each day’s counting. Resolution time determinations were made by 
the method of Reid (3), and a correction for the radioactive decay was 
made. 

Since the 8 emanations of S® have a maximum energy of only 0.17 m.e.v., 
correction for self-absorption had to be made to refer all radioactive meas- 
urements to a constant predetermined weight. This correction was 
determined by the construction of a standard self-absorption curve. 
Counts were converted to disintegrations by the use of a counter factor of 
11.5. Radioactivity in microcuries was calculated on this basis. 

No corrections were made for back-scattering. All samples were 
counted until 10,000 counts had been recorded and duplicates were found to 
agree within 3 per cent. 

To obtain an indication of the tissue dosage received the distribution and 
concentration of S* as a function of time were determined. While the 
amount of the isotope administered to each animal was identical (3.5 X 
10.6 ¢.p.m.), the total amount of methionine varied greatly. This variabil- 
ity was occasioned by the synthesis of labeled methionine of considerably 
higher specific activity which permitted the administration of a physio- 
logical dose of 8 mg. to each young male rat. Because of the amount (200 
mg.) administered to the adult females, elimination of S* undoubtedly pro- 


! We wish to acknowledge the help of Dr. H. L. Fisher of the United States Indus- 
trial Chemicals, Inc., of Stamford, Connecticut, who kindly synthesized the radio- 
active methionine from sulfur obtained at Oak Ridge, Tennessee. 
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ceeded at a faster rate. In both instance 


IN TISSUES 


es the mode of administration, 


by stomach tube and by intraperitoneal injection for the male and female 


TABLE | 


Tissue Dosage in Equivalent Roentgens per Gm. 

















Young male rats Adult female rats 
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25 days after ad- 25 days after ad- 130 days after ad 
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Liver. eer se ie eg 4.80 3.53 5.11 
US eee Mo See 5.76 3.98 6.30 
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Fic. 1. The distribution of S* in normal tissues of adult female rats 


rats respectively, was chosen to approximate normal ingestion and still 


to permit quantitative dosage. 
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‘ Since S* emits only low energy f-rays, it is justifiable to assume that the 
le dose of radiation received by the tissue is essentially confined to the regions 
containing the isotope. The total dose D, in equivalent roentgens, due to 
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complete disintegration of the S* present in the tissue is D = 88ETC 
equivalent roentgen per microcurie per gm. (4), where E = 0.055 m.e.v., 
still the average energy per disintegration of S*, 7’ = the half life of the isotope 

in days (87.1), and C = the concentration in microcuries per gm. of tissue. 
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Wherever biological synthesis, degradation, and elimination are occurring, 
the tissue concentration will be constantly changed by the turnover and 
elimination of activity from the tissue, and the half life (7) is more ac- 
curately represented as the “effective life’ (7’) of the isotope in the tissue. 
Thus 7’C can be represented by the area beneath the curves in Figs. 1 and 
2. The values so calculated are presented in Table I. 





TABLE II 
Distribution Pattern of S* in Rat 
RatI Rat II 
4 hrs. after administration 47 hrs. after administration 
Tissue — _—____— _ 
=" Wet tissue ~~ Wet tissue 
gm. | counts per gm. gm. counts per gm 

Liver.... 7.960 38, 860 9.870 29,664 
Lung..... 1.740 14,014 1.542 31,145 
Kidney 1.943 29 , 584 2.627 13 , 536 
Adrenal 0.050 17,616 | 
Heart. . Py 0.817 10,827 | 0.940 24,695 
Spleen... 0.416 18,604 0.525 12,292 
Pancreas... ee 0.571 80,632 | 0.930 17 587 
Stomach... 2.351 52,492 1.900 34,17] 
Small intestine 6.145 5,089 4.967 45,760 
Large YF . 1712 21 , 257 2.097 25,975 
Skeletal muscle 106 . 236* 4,959 132.568* 5,346 
Testes... 6.496 5,597 6.351 9,726 
Brain.... 2.587 5,440 
Blood 14.846* 8,414 18.526* 7,750 
Stomach 2.370 199,970 2.50 3,154 
Small intestine 2.490 93,315 4.70 38 , 347 
Large 4.700 5,790 2.40 34,667 
Feces. 2.400 825 


* Calculated on the basis of body weight (5). 


In so far as the metabolism of the human is comparable to that of the rat, 
this would be the dose received in equivalent roentgens per gm. of tissue 
from the oral administration of 18 microcuries of methionine S® without 
extrapolation to a comparable weight basis. 


DISCUSSION AND RESULTS 


Tables II and III show the distribution patterns of S* in the rat and dog, 
respectively. The most conspicuous finding is the lack of any selective 
localization of S*®. Following the oral administration of methionine, 
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radioactive sulfur is rapidly spread throughout the body. As might be 
expected, the initial high level of activity is found in the stomach contents 
3 hours after ingestion of the labeled compound. Activity of the stomach 
contents declines rapidly over the following 44 hours due to movement 
through the gastrointestinal tract and absorption. Rapid absorption of 
methionine S* is suggested by the high levels of activity in the gastro- 
intestinal wall and the appearance of a measurable blood concentration. 


TABLE III 


Distribution Pattern of S** in Dog 


Dog, 76 hrs. after administration 





Tissue Wet weight Wet weight of tissue 
gm. counts per gm. 

Liver biopsy... teed en eae 0.500 4,792 (29 hrs.) 

calee eri Aa Eger BP seit 349.300 26 , 906 
BG ot os see aa a See See ee 65.900 11,006 
Kidney... ehredt oe att Ree ed 43.220 15,213 
Adrenal. . Te te” 0.307 25, 235 
Heart gh A 57.110 2,593 
Spleen. . 15.371 21,980 
Pancreas. . a2 22.944 27 ,212 
Stomach.... 81.800 55,384 
Small intestine...... eee 239.500 19,439 
Large sy 46.700 2,454 
Gallbladder. 1.148 32,576 
Urinary bladder 5.063 122 
Rectum. . 9.860 17, 246 
Pituitary - 0.005 
Nerve Meee 0.346 5,715 
BR oie sacs 0.242 2,576 
Ovaries 0.328 
Aorta... Paka, © 2.866 10,533 
WOVrOid. ....5. 5: oh Sere ety ose 0.720 4,466 
Brain.......: sais - 5. hoslaelaoshewa 76.200 2,792 
ar «ae Cireod vase ae 26 .333 4,512 


Rapid assimilation is indicated by the levels of activity of the pancreas, 
liver, and kidney as early as 4 hours after initial feeding. The concentra- 
tion of activity in the gallbladder and gallbladder contents suggests, as 
Tarver and Schmidt have reported (6), that there is a rapid synthesis of 
taurine. A comparison of the distribution of S* 4 and 47 hours after ad- 
ministration demonstrates a general equilibration which results in a ten- 
dency for all tissues to approach a common level of activity. However, 
the skeletal muscle, testes, and brain of the rat and the fat, heart, and thy- 
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roid of the dog deviate markedly from this tendency at the end of 47 and 76 
hours respectively. 


SUMMARY 


1. The distribution and concentration of S* in the tissue of the rat and 
the dog were determined at intervals after the oral administration of 
methionine S*. 

2. Methionine was rapidly absorbed by the animals and S* was present 
throughout the body within 4 hours. 

3. No selective localization of activity was observed. The highest levels 
occurred in the intestine, pancreas, liver, kidney, and lung. 
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STUDIES IN VITRO ON METHEMOGLOBIN REDUCTION IN 
DOG ERYTHROCYTES 


By SAMUEL 8. SPICER, CHARLES H. HANNA, ann ARIEL M. CLARK 


(From the Laboratory of Physical Biology, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, August 9, 1948) 


The increase in red cell metabolism caused by methemoglobin (MHb) and 
the rdle of glucose as substrate in the reduction of MHb were observed by 
Warburg ef al. (1). The reduction of MHb was recognized as an enzymatic 
process, but the precise mechanism has not been worked out. The work 
of Kiese (2) and more recently of Gutmann et al. (3) indicates that a yellow 
enzyme, methemoglobin reductase, and the pyridine nucleotides are in- 
volved. Gibson, giving additional evidence on the réle of these enzymes, 
has shown that the failure of MHb reduction in congenital methemoglobi- 
nemia cases is associated with a low erythrocyte content of a flavin enzyme 
(4). Other substrates involved in the enzymatic reduction of MHb include 
lactic (5), malic, and fumaric acids (6, 7) and fructose (2). Studies dealing 
with the relative effectiveness of lactate, glucose, and fructose, and the inac- 
tivity of certain substrates in regard to MHb reduction have been reported 
by Kiese (2). The reduction is inhibited by malonate (6), iodoacetate, and 
fluoride (8), the effect of the latter being partially reversed by pyruvate (9). 
In the present communication more detailed results of findings reported 
previously (7) with several substrates and inhibitors are presented. 


Procedure 


Heparinized blood obtained by venipuncture from six healthy dogs was 
used exclusively. MHb was formed by adding nitrite to the blood, and the 
reduction of MHb was followed at 38° in stoppered paraffined 25 ml. flasks, 
shaken gently. MHb and total hemoglobin were determined at intervals 
with a portable photometer as described by Andrews and Horecker (10). 

Erythrocytes from the pooled blood samples of six dogs were washed by 
diluting with 8 volumes of sterile normal saline and centrifuging after 15 
minutes at room temperature. After repeated washings, the cells were 
finally centrifuged at 1700g for 30 minutes and stored overnight in the 
refrigerator. In the morning, the packed cells were suspended in an equal 
volume of buffer which consisted of a mixture of equal parts of 0.85 per cent 
NaCl and 0.1 m NasHPO,, pH 7.4. The term ‘“MHb cells” applies to 
erythrocytes washed five to seven times as described, after first having been 
incubated approximately 35 minutes at 38° with 0.07 ml. of 1 per cent 
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NaNO; per ml. of whole blood. In a given experiment a single batch of 

















cells was used to prepare the flasks, and the dilution of cells and the time t 
interval over which rates were measured were the same for all flasks. | 
Usually rates were computed from the average of ten samples taken over a ‘ 
5 to7 hour period of incubation. When appreciable hemolysis occurred, f 
the vessel was eliminated from further consideration. t 
Results | 
MHb Reduction in Fresh Whole Blood—As shown by Cox and Wendel : 
(11), the rate of MHb reduction is not constant but slows with decreasing bi 
MHb concentration. This is confirmed by the results in Table I which na 
show that with decreasing levels of MHb the maximal reduction rate, com- g1 
TABLE | 
Relationship between MHb Level and Rate of Reduction in Whole Blood 
ae Sa | 7 oa. “Maximal MHb reduction rate 
‘meer | Pak =| am | diay | 
| dtime ’ dtime ’ ; 
ml, — -. gm. per cent | 7 i witiek. , a ras 1 

0.165 | 11.2 | 1.41 | 0.083 “ 

0.140 10.0 | 1.39 | 0.110 

0.120 | 8.8 1.31 | 0.114 

0.100 7.2 | 1.23 | 0.136 

0.088 6.7 1.23 0.142 

0.075 5.4 1 Bs 0.175 

* Derived from four or five points having the steepest slope. | 
+ Represents the average of last four or five samples taken 4} to 8 hours after addi-  } 

tion of nitrite. ; 
puted as the zero order reaction constant, decreases. Moreover, the rate ere: 
is not linear if plotted as a first order reaction, but increases as the MHb | ™ 
level decreases. These constants are not generally applicable to whole of t 
blood but, as will be shown, may be applied to reduction with specific sub- | (DI 
strates. The zero order constant, Ko = (dCym)/(d time), represents | %%* 
the average decrease in gm. per cent of MHb per hour, and the first order ext 
constant, Ki = (d log Cun») /(d time), the average hourly decrease in the hav 
log of the MHb concentration. 0 
Since with either expression the rate in whole blood is not linear, com- | M@€ 
parison can be made between rates only when the level of MHb is the same. | hex« 
Rates in fresh blood samples of six dogs determined under conditions which (Eas 
meet this requirement are shown in Table II. The average MHb peak for kro¢ 
the 3 days was 7.7 to 8.0 gm. per cent for all the dogs. It will be noted that 1 
glucose does not increase the rate. of Hi 
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MHb Reduction in Washed Erythrocytes—Three washings were required 
to eliminate completely the reduction of MHb, although little activity was 
left after the first washing. The level of MHb attained after a given 
amount of nitrite increased 2 or 3 per cent each time the cells were washed 
from two to seven times, indicating progressive elimination of substances 
that react with nitrite. 

MHb reduction with glucose proceeds at essentially the same rate whether 
the cells have been washed two or seven times. Thus, aliquots of a batch 
of cells washed an increasing number of times, from two through seven, 
packed uniformly, and treated with a standard amount of nitrite gave an 
average Ky value, from 2 to 63 hours after adding nitrite, of 0.96 + 0.02 
gm. per cent per hour for all washing régimes. 


TABLE II 
MHb Reduction Rates in Freshly Drawn Dog Blood 


The flasks contain 2.0 ml. of cells + 2.0 ml. of homologous plasma + 0.10 ml. of 
lper cent NaNO:. In Experiment 3 the flasks received 0.2 ml. of 5 per cent glucose, 





Dox No | Experiment 1. Kifrom | Experiment 2. Ki from Experiment 3. Ki from 
ee | 1% to 7 hrs. after NaNOz | 2 to 7} hrs. after NaNO: | 2} to 5? hrs. after NaNOz 





| hr hr Ar 
1 | 0.102 0.103 0.098 
2 0.100 0.101 0.097 
3 0.125 | 0.107 0.095 
4 0.077 0.068 0.079 
5 0.103 0.109 0.113 
6 


0.108 0.108 0.101 


The fact that the MHb reduction rate with glucose is not altered by pro- 
gressive washing indicates that coenzymes or other factors essential to the 
reaction are not dialyzed from the cell. This was confirmed by the failure 
of triphosphopyridine nucleotide (TPN) or diphosphopyridine nucleotide 
(DPN) to alter the rate of reduction in MHb cells supplemented with glu- 
cose. Negative results also were obtained with insulin, adrenal cortical 
extract, and epinephrine. Moreover, the addition of DPN was found to 
have no influence on the rate of MHb reduction with lactic or malic acid. 

Of the many substrates which have been tested for ability to reduce 
methemoglobin by adding them in neutral solution to MHb cells, only the 


hexoses, D-glucose (Baker), p-fructose (Difco), p-mannose,! and p-galactose 
} » D-B ? 


(Eastman), and three metabolic intermediates, sodium lactate (Malline- 
krodt, 50 per cent), /-malic acid (Eastman), and fumaric acid (Eastman, 


‘Preparation of Dr. H. G. Fletcher, Chemistry Laboratory, National Institutes 
of Health; specific rotation, [a]p = +14.4° (H,0, equilibrium). 
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practical, recrystallized), have been found active. The observation that 
malic and fumaric acids show this activity was referred to in an earlier 
report (7). Kiese, in a paper which became available to us after our experi- 
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Fic. 1. MHb reduction with excess of substrates; cells suspended in saline-phos 
phate buffer. A, upper, linear plot; B, lower, log plot. 


ments were completed, has also referred to this property of malate and 
fumarate (6). The MHb reduction curves have been plotted for each sub- 
strate, and it appears that linear regression is obtained on the log scale with 
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a 


the intermediates and on the linear scale with the sugars (Fig. 1). Conse- 
quently, the first order constant, Ay, has been applied to rates produced by 
the three acids, and Ko to rates with the hexoses. The intermediates in 
optimal concentration bring about a more rapid drop in the MHb concen- 
tration than can be accomplished by the hexoses. Rates obtained one day 
are not accurately reproducible the next, but on a given day duplicate 
determinations check within 5 per cent of the mean. 

The relative effectiveness of the intermediates in a wide range of concen- 
trations is shown in Fig. 2. Comparison of the three acids was made at 





S2e e——e SODIUM LACTATE 
¥-———-K SODIUM MALATE 
O--——O SODIUM FUMARATE 











Oo | mm: 1 call l } a l l 





0 < 4 6 8 1.0 1.2 14 1.6 1.8 2.0 
ML. OF Ma SUBSTRATE SOLUTION PER 3.0 ML. MHb CELL SUSPENSION 


Fria. 2. Substrate concentration and MHb reduction rate 


two to four levels on a single day, and the results obtained over several days 
were combined in Fig. 2. Although fumarate and, to a lesser extent, 
malate at all levels up to the optimal are more efficient than lactate, the 
latter when added in still higher concentrations, 7.e. 1300 mg. per cent, pro- 
duces a one-third faster rate. The maximal rate of reduction with lactate 
approximates that in whole blood. 

With substrate concentrations smaller than those presented in Fig. 2, 
reduction does not proceed to completion. The total decrease in gm. of 
MHb per 100 ml. of cell suspension brought about by small doses within 5 
hours is shown for the three intermediates and glucose in Table III. Here 
again fumarate is most and lactate least effective of the acids; but it is 
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obvious that glucose accomplishes more than lactate in twice the molar 
concentration. Identical results were obtained with 0.04 ml. of 0.25 m lac- 
tate solutions, whether prepared from 50 per cent sodium lactate or lithium 
lactate crystals. 

A comparison of the methemoglobin-reducing activity of four hexoses is 
presented in Table IV. Galactose has the weakest effect. As regards the 
relative potency of the other sugars, the order of increasing activity is 
fructose, mannose, glucose, at low concentrations, and mannose, glucose, 
and fructose at high concentrations. Glucose reaches peak effectiveness 
between 35 and 60 mg. per cent. This may be compared with Dische’s 


TaBLeE III 
Total Decrease in MHb during 4 Hours with Low Substrate Concentrations 


The flasks contain 1.5 ml. of MHb cells + 1.5 ml. of saline-phosphate buffer + 
substrate. 


Substrate menti* | ment | meats 
ml. M gm. percent gm. percent gm. percent 
Sodium lactate 0.04 0.125 0.0 
0.04 0.25 t= O28 0.8 
0.05 0.25 0.6 | 
0.08 | 0.25 | | 1.0 1.8 
os malate 0.04 0.25 1.0 1.2 
0.08 0.25 2.4 
ef fumarate 0.04 0.25 lea | 2.0 
0.08 0.25 | 3.8 
Glucose 0.04 0.12% | 3.0 | 2.9 3.7 


*'The MHb cells were not prepared exactly according to standard procedure this 
day in that the NaNO: was added after the fifth wash and cells were then washed 
two more times. 


observation that the rate of phosphorylation of hexose in erythrocytes is the 
same for glucose concentrations between 40 and 100 mg. per cent (12). 

The disaccharide maltose (Difco and Pfanstiehl, c.p.), added to an MHb 
cell suspension at a level of 375 mg. per cent, gave an MHb reduction rate of 
0.10, 0.11, and 0.14 gm. per cent per hour on different days. It seems un- 
likely that glucose contamination would be the explanation for the weak 
MHb-reducing action of maltose. 

Some substrates were found to increase the rate of reduction in an addi- 
tive manner. Table V shows results of typical experiments; it is seen that 
glucose is additive with lactate, malate, and fumarate, and lactate is addi- 
tive with the latter two. In ten experiments the rate was 13 per cent 
greater on the average with glucose and lactate than with excess lactate 
alone. However, neither malate nor fumarate increases the rate in the 
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TasBLe IV 
i MHb Reduction by Herose 
a The flasks contain 1.5 ml. of MHb cells in 1.5 ml. of saline-phosphate buffer + 
m substrate. 
18 Experiment No. Substrate, s, = 
he Glucose | Fructose Mannose | Galactose 
» ) at | ar <a | ag a | at og 
“an 1 0.055 0.2 | 0.72 0.74 0.19 
: 0.22 0.25 0.83 
es 0.11 0.5 | 0.93 0.13 
0.04 1.39 0.80 
0.10 2.78 0.93 0.72 0.41 
2 0.04 0.125 | 0.17 0.33 
-" 0.04 0.25 | 0.35 0.80 
0.14 1.39 | 0.91 0.77 
. 3 0.023 0.125 0.38 | 0.10 0.33 
eri- | 0.045 0.125 0.66 | 0.23 0.57 
m7 | 0.075 0.25 0.85 | 0.53 0.69 
° TABLE V 
i Additive Effect of Metabolic Intermediates and Glucose on MHb Reduction 
8 The flasks contain 1.5 ml. of MHb cells + substrate + buffer to equalize the 
2 dilution. 
ie | 0.25 M substrate added 
.O Experiment No. f se Ki 
».8 | Lactate Malate Fumarate Glucose 
pet ’ | ml. ml, ml. ml. hr 1 
“e this 1 1.8 | 0.092 
-ashed ik 0.096 
1.8 0.4 | 0.095 
1.8 | 0.4 0.089 
is the 1.8 | | 0.4 0.106 
») 2 0.71 | | 0.079 
iy 0.89 0.075 
MHb | 02% | om | 0.090 
rate of | j= oy | 0.19 | 0.072 
vs un- 0.71 | 0.23 0.090 
weal 3 | | | 0.7 0.076 
0.3 | 0.7 0.099 
r | 0.3 0.7 0.076 
. addi- | | to 0.3 0.086 
n that | —— —_—____—_ ———__—___— —_—___—- 
s addi- 


sr cent | Presence of excess of the other, and these substrates do not enhance the 
lactate | °Ptimal reduction with lactate. 


n the Similar experiments with the hexoses, typical of several which have been 
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carried out, are shown in Table VI. It is evident that glucose and fruc- 
tose or glucose and mannose in combination give a rate about equal to 
that of glucose alone. Mannose, in combination with fructose, retards re- 
duction by the latter to a rate at least as slow as that of mannose singly. 
Galactose, on the other hand, augments reduction by glucose and mannose 
and does not interfere with that by fructose. 


TaBLe VI 
Maximal Amount of Two Sugars Combined 
The flasks contain 1.5 ml. of MHb cells in 1.5 ml. of saline-phosphate buffer +4 
the specified amount of 5 per cent solution of glucose, mannose, or galactose or 10 
per cent solution of fructose + buffer to equalize the volumes. 


Ko 
Substrate 
Experiment 1 Experiment 2 | Experiment 3* 
gm. per cent gm. percent | gm. per cenl 

per hr. per kr. per hr. 
0.3 ml. glucose 0.83 0.77 0.77 
os ie 0.78 0.81 0.76 
0.3 “ e + 0.3 ml. fructose 0.79 0.75 0.78 
a3 = +03 ‘“ = 0.78 0.80 
os “ - +0.3 ‘* mannose 0.83 0.83 0.77 
O23 * si +03 ‘ de 0.79 
os si + 0.3 ‘* galactose 0.89 0.85 
0.3 ‘* fructose ().82 0.87 | 0.77 
s* ” 0.93 0.83 | 0.82 
is .** + 0.3 ‘ mannose 0.53 0.58 0.55 
os = +03 ‘ es 0.49 
Ge * +03 ‘* galactose 0.85 0.86 
0.3 ‘* mannose 0.60 0.59 
o6 *° si 0.62 | 
os “™ 25 +03 * galactose 0.79 
0.3 ‘* galactose 0.19 


*2 ml. of MHb cells + 2 ml. of saline-phosphate buffer in each flask on this day: 


By taking samples from duplicate flasks at 3 to 5 minute intervals during 
the first 40 minutes and at half hour intervals thereafter, a comparison was 
made of the early phase of the MHb reduction curve with the later part. 
Table VII shows the slope of the line plotted for the early points to be some- 
what less than that for the remainder of the curve. 

The following substances added in large amounts have been found to have 
no effect on the MHb concentration in dog MHb cells: succinic, pyruvic, 
citric, acetic, 8-hydroxybutyric, malonic, maleic, and glutamic acids, 
methyl glyoxal, acetaldehyde, p-ribose, p-xylose, p- and 1-arabinose, 
a- and f-galaheptose, L-sorbose, D-altrose, trehalose, melezitose, lactose, 
sucrose, and glucose-6-phosphate. 
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From the fact that glucose and lactic acid fail to reduce MHb in water 
solutions, it was concluded that the effect of these substrates depends on 
enzymatic mediators (13, 14). This is also the case with MHb reduction 
by malic and fumaric acids. On the other hand, malate and fumarate 
added in acid solution (pH 5.4) to hemolyzed red cells markedly accelerate 
MHb formation in comparison with equimolar addition of lactate at the 
same pH. 

Effect of Inorganic lons—-Despite the fact that the erythrocyte is re- 
garded impermeable to cations, the réle of inorganic ions in MHb reduc- 
tion might be in part elucidated by employing intact cells. To this end 
the rate of MHb reduction by glucose has been measured in solutions con- 
taining sodium cations alone or with potassium, calcium, or magnesium in 


TasLe VII 
Initial Delay in MHb Reduction with Hexoses 
The flasks contain 3.5 ml. of MHb cells + 3.5 ml. of saline-phosphate buffer + 
0.55 ml. of 5 per cent giucose or mannose or 10 per cent fructose. The samples were 
taken at 3 to 5 minute intervals for the first 30 to 40 minutes and every 30 minutes 
thereafter. The rates were computed from the average of values in duplicate flasks. 


Ko 
Experiment No. Average for 1st 30 to 40 min. Average from 3 to 6 hrs. 


| 
| 


Glucose Fructose Mannose Glucose Fructose Mannose 


m. per cent gm. per cent m. per cent gm. per cent gm. per cent m. per cent 
g 8 g 


| per hr. per hr. per hr. per hr. per hr. per hr. 
1 0.74 0.48 0.33 0.91 
2 0.50 0.45 0.48 0.88 0.94 0.74 
3 | 0.57 0.40 0.38 0.75 0.80 0.69 


concentrations comparable to those in Krebs-Ringer phosphate (15). In 
addition, the effect of adding phosphate to the simple saline medium has 
been determined for several substrates. Reference to Table VIII shows 
the marked accelerating effect of phosphate on MHb reduction by glu- 
cose, fructose, and mannose and the lack of effect on reduction by galactose. 
Other tests have shown that phosphate does not modify the rate of redue- 
tion by lactate or malate. Neither magnesium nor potassium added to a 
sodium chloride and phosphate medium appreciably alters the reaction 
rate, but with calcium a variable inhibition results. 

Inhibition—The observation which first stimulated interest in the present 
subject involved failure of oxalated blood from nitrite-treated dogs to lose 
methemoglobin as expected. The rate of MHb reduction under conditions 
similar to those in Table I was then measured at two levels of oxalate, and 
the effect of added intermediates was determined. Table LX shows the 
partial inhibition in whole blood from oxalate at levels approximating those 
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required for anticoagulant action. Since reduction can be restored by add- 
ing metabolic intermediates, the inhibiticn is apparently due to impairment 
of glucose utilization. A somewhat similar effect has been obtained by 
suspending freshly drawn erythrocytes in an isotonic sodium citrate solu- 
tion, or one slightly stronger but not hemolytic (Table X). Cells with 
glucose added show retarded reduction in citrate, whereas cells with no sub- 


TaBLeE VIII 


Rate of MHb Reduction (K.) As Influenced by Inorganic Ions 
A. Effect of Phosphate 


The flasks contain 2 ml. of MHb cells + 2 ml. of normal saline or saline-phosphate 
buffer + 0.3 ml. of 5 per cent glucose, mannose, or galactose or 10 per cent fructose. 


Experiment No. Medium Glucose Fructose Mannose Galactose 


gm. per cent gm. percent | gm. percent | gm. per cent 


per hr. per hr. per hr. per hr. 
4 Saline 0.52 
‘¢ + phosphate 0.70 | 
5 ees 0.40 0.43 | 0.37 
‘« + phosphate 0.74, 0.72 | 0.81, 0.78 | 0.60, 0.65 
6 ns | 0.29* 


‘« + phosphate 0.28* 


B. Effect of Cations 
The flasks contain 2.0 ml. of MHb cells + 0.3 ml. of 5 per cent glucose + 2.0 ml. 
of buffer containing the ions designated in concentrations equal those in Krebs- 
Ringer phosphate buffer (14). 


Experiment No. Na* + PO= Na*+ + POF + Kt Nat + POF + Mg**) Na* + POS + Ca** 
gm. per cent per hr. | sen: per cous per hr. pe per cent per Me. | ow. per cent per hr. 
l 0.80 | 
0.76 0.70 0.78 0.65 
2 0.73 0.77 0.74 0.66 
3 0.68 0.72 0.68 0.69 
4 0.70 0.70 0.72 0.58 


* Value derived from averaging the rates in four flasks run simultaneously. 


strate or with lactate added exhibit improved MHb reduction in citrate. 
Computing Ko for the rates gives the same result. The reason for this 
apparent acceleration is not clear but is probably not related to pH, for the 
citrate solutions had a pH of 7.35 and 7.42 (2.64 per cent) and that of the 
saline phosphate buffer was 7.30 with the glass electrode. It might be due 
to binding of an inhibitory cation such as calcium. 

Iodoacetate was tested for inhibition of glucose-induced MHb reduction 
at the concentration of iodoacetate reported by Stannard (16) to inhibit 
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TaBLe IX 
Oxalate Inhibition of Methemoglobin Reduction 


The flasks contain 3 ml. of fresh whole blood + 0.08 ml. of 1 per cent NaNO» 
+ oxalate + saline or 0.25 mM substrate. The flasks for a given animal were run simul- 
taneously and the rates computed over the same interval. 


Oxalate | 





Dog No. concen- Saline Ki | Lactate Ky Malate Ky Fumarate Ki 
tration | | 
mg. per ml. ml. hrm | ml. hr= ml. hr ml. hr 
6 | 3 0.8 | 0.044 0.8* | 0.103! 
2 | 8 1.0 | 0.031) 0.3* | 0.050 0.3 | 0.081 
3 | 0.6" | 0.097 
oe | 1.0* | 0.077 
R41 3 0.6 | 0.024! | 0.3 0.091 
| 3 | | | 0.6 0.091 
5 | 8 0.9 | 0.042) 0.3 | 0.094 0.3 0.068t 
ae | 0.6 | 0.095 0.6 0.071T 
= | 0.9 | 0.107; 0.9 (0.081f 
1 5 0.9 0.029 0.3 | 0.045 
5 0.6 0.063 
5 0.9 | 0.087 
* 0.5 instead of 0.25 m. 
+ Some hemolysis occurred. 
TABLE X 


Effect of Citrate on MHb Reduction in Fresh Erythrocytes 


Pooled blood obtained from six dogs on three occasions was centrifuged 30 min- 
utes. Experiment 1, 0.053 ml. of 1 per cent NaNO» added per ml. of cells before 
preparing cell suspension, and the rates measured for the interval of 2} to 5} hours 
after the start of incubation. Experiments 2 and 3, 0.100 ml. of 1 per cent NaNO, 
added to flasks containing cell suspension and substrate, and the rates measured 1} 
to 6 hours after nitrite addition. All flasks contain 2.0 ml. of cells + 2.0 ml. of 
buffer or citrate solution. 


No 








| Experi | supple- 0.25 m substrate added 
Medium ment | ment 
| Se SoC Lee) ae : sein Scena gsiaeaa 

| Ki |Glucose) Ki | Lactate! Ki 

| | rt | mt. | rt | omte | hr 
Saline-phosphate buffer ug 0.022 | 0.3 0.103 | 0.6 | 0.088 
2 | 0.018 | 0.3 | 0.100 | 0.8 | 0.083 
3 | 0.026 | 0.3 | 0.118 | 0.8 | 0.097 
2.28% sodium citrtae 1 | 0.047 | 0.3 | 0.074 | 0.6 | 0.115 
| 2 | 0.026 | 0.3 | 0.075 | 0.8 | 0.100 
| 3 | 0.034) 0.3 | 0.072 | 0.8 | 0.112 
24% “OS 1 | 0.035 | 0.3 | 0.066 | 0.6 | 0.118 
| 2 | 0.027 | 0.3 | 0.062 0.8 | 0.111 
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glycolysis but not the rate of oxidation of carbohydrates in tissues. It was 
not possible by this means to demonstrate a difference between the glucose 
MHb reduction path and the glycolytic path, for 10-° M iodoacetate caused 
70 per cent inhibition of MHb reduction by glucose. 

Addition of Su’ strates to Whole Blood—The failure of fluctuation in the 
glucose level between 40 and 400 mg. per cent to influence MHb reduction 
rates in dog blood in vivo or in vitro has been reported by Cox and Wendel, 
whereas Brooks observed acceleration of reduction in nitrite-injected rabbits 
after intravenous glucose (11). Kiese noted that in dogs intravenous lae- 


Taste XI 
Response of MHb Reduction Rates in Whole Blood to Added Substrates 


The flasks contain 3 ml. of fresh blood + the amount of 0.25 m substrate or sa 
line and 1 percent NaNOszspecified. The flasks on one line were run simultaneously 
and the rates computed over the same time interval. 


ee NO: in each Normal saline Lactate Malate Fumarate 
K, Ki K k 
ml. mi. hr ml. hr! ml. hr ml 

4 0.07 0.7 0.084 | 0.7* 0.095 
2 0.10 0.75 0.064 | 0.75* | 0.074 
4 0.08 0.6 0.070 | 0.6 0.093 0.6 0.084 0.6 | 0.075 
6 0.08 0.6 0.098 | 0.6 0.118 0.6 0.091 0.6 0.109 
1,2 0.08 0.6 0.098 | 0.6 0,113 0.6 0.100; 0.6 | 0.098 
5 0.08 0.6 0.101 | 0.6 0.131 | 0.6 0.101 | 0.6 | 0.111 
4 


0.10 1.0 | 0.081 | 1.0 0.063 | 1.0 | 0.044] 1.0 | 0.042 


* 0.5 instead of 0.25 m. 


tate protected against MHb (6). The increased MHb reduction rate in 
nitrited whole blood with lactate added may be seen in Table XI. 
DISCUSSION 

The negative effect with coenzyme on lactate and glucose activity m 
MHb eells and the similar rate of reduction by glucose, whether the cells 
are washed two or seven times, can be interpreted as indicating that either 
the coenzyme is not permeable or is not sufficiently dialyzed from the cell 
to make its concentration the limiting factor in determining the MHb re- 
duction rate. That. DPN is the limiting member in the MHb reaction 
with lactate and that the glucose reaction is mediated by TPN might be the 
best explanation of the ability of glucose to increase the MHb reduction 
rate in the presence of excess lactate. The increase in DPN (17) but not 
the increase in flavin-adenine dinucleotide (18) following incubation of un- 
washed human erythrocytes with niacin and riboflavin, respectively, has 
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been shown by Kohn and Klein to increase methylene blue-catalyzed oxida- 
tion of lactate in the red cell. DPN may then be limiting in this reaction. 

The increased MHb reduction rate caused by glucose in the presence of 
excess lactate supports somewhat the contention that glucose reduction of 
MHb is not dependent on glycolysis. The greater effectiveness of glucose 
at low concentration than of lactate in double the molar strength concurs 
with the concept that glucose does not reduce MHb by merely splitting 
into 2 molecules of lactic acid. 

Despite contradictory reports as to metabolism of the various sugars in 
blood (8, 12), it may be said that four hexoses are utilized for MHb redue- 
tion by dog erythrocytes. The specificity of the hexoses in this reaction 
might afford a means of identifying them under some conditions. The 
phosphate esters of glucose have long been recognized as impermeable (12), 
and adequate demonstration of this is afforded by the failure of glucose-6- 
phosphate to reduce MHb in intact erythrocytes. The finding that fructose 
and mannose together are less effective than fructose alone could be inter- 
preted to be due to competition by the substrates for a single rate-limiting 
enzyme, the rate depending on the relative affinity of the substrates for the 
enzyme. ‘The relative effectiveness of the hexoses at various levels could 
be explained if glucose, mannose, and fructose were all phosphorylated by 
hexokinase, fructose having the least affinity for the enzyme, and if iso- 
merase activity limited the maximal utilization of glucose and mannose to 
arate less than that of fructose. Galactose, which is additive with mannose 
and glucose, if not fructose, can be regarded as different from these other 
sugars in not sharing with them an enzyme limiting their reaction rates with 
MHb. ‘This and the galactose independence of added phcsphate suggest 
that the slow galactose metabolism, on the one hand, and glucose, fructose, 
and mannose utilization, on the other, occur by quite different pathways. 

The significance of malate and fumarate utilization by erythrocytes is not 
clear when it is considered that the tricarboxylic acid cycle does not appear 
to exist in the erythrocyte. Whether, then, this reaction serves in vivo as a 
means of maintaining hemoglobin in the functional state or represents a 
vestigial non-functioning mechanism in the cells remains a question. Pos- 
sibly, malate or fumarate occurs as a phase in the stepwise degradation of 
glucose to pyruvate. Stepwise degradation of glucose, originally proposed 
by Dickens (19), has been suggested by Gibson (4) as a probable route for 
glucose metabolism in methylene blue-treated erythrocytes. 


SUMMARY 


The reduction of MHb in dog erythrocytes by several substrates has been 
studied. At optimal levels the order of decreasing activity is lactate, 
fumarate and malate, fructose, glucose, mannose, and galactose. At low 
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levels the order of decreasing effectiveness for the metabolic intermediates 
is fumarate, malate, and lactate and for the hexoses is glucose, mannose, 
and fructose. Glucose at low concentration accomplishes more than the 
intermediates in double the molar strength. MHb reduction by the hexoses | 
follows the pattern of a zero order reaction, whereas that with the inter- 
mediates resembles a first order reaction. Some of the substrates are addi- 
tive with one another. Phosphate is necessary for a maximal response with 
glucose, fructose, or mannose, but not galactose. Oxalate and citrate in- 
hibit MHb reduction by glucose; citrate, however, under some conditions 
enhances MHb reduction. 


The authors express their appreciation to Dr. B. L. Horecker and Dr. 
H. D. Baernstein for valuable suggestions, and to these workers and Dr. C. 
S. Hudson and his coworkers for supplying certain of the materials tested. 
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A MICROMETHOD FOR THE DETERMINATION OF THE 
NUCLEIC ACIDS* 


By ROBERT STEELE, THEODORE SFORTUNATO, anno LINA 
OTTOLENGHI 
(From the Department of Biology, Brookhaven National Laboratory, Upton, 
New York) 


(Received for publication, August 16, 1948) 


This paper describes a micro modification of the Schneider method (1) for 
determination of the nucleic acids in tissues. This modification has been 
applied successfully to 1 to 3 mg. (wet weight) samples of pollen mother 
cell material from plant anthers, the samples containing from 1.6 to 15.1 
of desoxyribose nucleic acid and from 8.6 to 58.0 y of ribose nucleic acid 
per mg. (wet weight). 

The original method was devised for animal tissue; the present modi- 
fication extends its usefulness to certain plant material and to tissues of 
which only very small samples are available. 

Fig. 1 illustrates the micro equipment devised for the method. Samples 
are removed and placed on the bottom of the pestle of the micro Potter- 
Elvehjem homogenizer in a moist chamber to prevent evaporation of water 
prior to weighing on the micro balance. If it is possible to separate the 
tissue into discrete cells, as was the case in the plant material, a separate 
aliquot may be weighed for cell count, and the results of the analysis ex- 
pressed per cell or per 10,000 cells, rather than per unit wet weight of tissue. 

The samples weighed as above are homogenized for 1 minute with 0.03 
ml. of cold distilled water, with a stirring motor revolving at 1500 R.P.M. 
Following this, the pestle is moved a short way up the tube, another 0.03 
ml. of cold distilled water is added, and is sucked below the pestle by again 
moving it upward a short distance. Two 0.08 ml. portions of cold 10 per 
cent trichloroacetic acid are then added similarly and the washed pestle is 
removed from the tube. <A stirring thorn is assigned to each tube at this 
point and is used to mix the tube contents at this and each subsequent 
washing. Fig. 2 illustrates a cold centrifuge block by means of which the 
micro tubes were centrifuged for 15 minute periods at 0-5° in a Sorvall 
model G angle head centrifuge without the use of a cold room. 

The trichloroacetic acid-precipitated material is washed twice in the cold 
with 0.10 ml. portions of 10 per cent trichloroacetic acid and once in the 
cold with a 0.10 ml. portion of 5 per cent trichloroacetic acid prior to heat- 

* This research was carried out at the Brookhaven National Laboratory under the 
auspices of the Atomic Energy Commission. 
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ing. An extract pipette (Fig. 1) is used to remove the wash solutions from 
the sediment. 


























Fic. 1. Micro equipment. (1) Protective case for extract pipette. (2) Extract 


pipette, calibrated at 0.100 ml., standard taper 7/25 joint. (3) Aliquot pipette, cal 
ibrated at 0.033 ml. and at 0.100 ml., standard taper 7/25 joint. (4) Cap, used with 
aliquot pipette during immersion in boiling water. (5) Pestle of micro Potter 
Kilvehjem homogenizer. (6) Complete micro Potter-Elvehjem homogenizer. This 
is made by grinding to cylindrical form the sides of a ball of glass collected at the end 
of a glass rod, and grinding the pestle thus formed into the short length of tubing to 
be used as the homogenizer tube. The tube is then sealed off at one end and shaped 
to fit the bottom of the pestle by pushing the latter, coated with graphite, into the 
still soft bottom of the tube. (7) Closure for use during weighing. (8) Closure in 
place on a homogenizer, Tygon tubing used. (9) Storage vial. (10) Weighing vial 
for cell count aliquot. (/1) Stirring thorn. (/2) Completed suction device, stand 
ard taper 7/25 joint cemented on. (1/3) Metal suction device, Clay-Adams, Inc., 


New York. 


Heating to release nucleic acids is carried out with a 0.05 ml. portion of 
5 per cent trichloroacetic acid, and an additional 0.05 ml. portion is used 
to wash the sediment. The first extract is kept in the extract pipette, 
during the secondary washing of the sediment, by raising the pipette to a 
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nearly horizontal position. This is done by twisting the barrel of the suc- 
tion device (Fig. 1) in the clamp which holds it during use. The second 
extract is drawn into the extract pipette after expelling a fraction of a drop 
of the first extract into the tube to rid the pipette tip of air; then additional 
5 per cent trichloroacetic acid is drawn in immediately until the upper 
meniscus reaches the 0.100 ml. mark. The mixture is then expelled into a 
storage vial (Fig. 1) and made uniform by drawing it back into the extract 
pipette and expelling it several times (Fraction I). 


m1 2345678910123 4 





Fic. 2. Cold centrifuge block. The block is turned from pine wood. The central 
glass capsule is filled three-fourths full with crushed dry ice. The objects in the right 
foreground are rubber cushions. 


With the plant material used, it was found necessary to wash the sedi- 
ment with three additional 0.10 ml. portions of 5 per cent trichloroacetic 
acid to insure complete removal of ribose nucleic acid, although one ad- 
ditional 0.10 ml. portion sufficed for desoxyribose nucleic acid. These three 
additional washes were pooled as Fraction II and both types of nucleic 
acid were determined in Fractions I and II. As a check on the complete- 
ness of ribose nucleic acid extraction, the heating period was then repeated 
with 0.10 ml. of 5 per cent trichloroacetic acid and the resulting Fraction 
IIl was analyzed for ribose nucleic acid only. Only one of thirty-six sam- 
ples yielded a significant amount of ribose nucleic acid in Fraction III. 
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Perhaps the additional washings will prove unnecessary when samples of 
animal tissue are undergoing analysis; this is suggested by the lesser number 
of extractions found necessary in the original Schneider method. 

A 0.033 ml. aliquot is taken for the Dische diphenylamine reaction (1) in 
an aliquot pipette (Fig. 1). The reagent is then drawn in until the meniscus 
reaches the 0.100 ml. mark; then the column of liquid is drawn into the 
bulb of the pipette and mixed by extrusion again nearly to the pipette tip 
several times with the pipette in a nearly horizontal position. ‘The 
capped (Fig. 1) pipette! is immersed except for a few inches of the capillary 
tip in a boiling water bath for the requisite time, being held in place by a 
wire mesh rack. It is withdrawn and inverted in a single motion after 
heating so that air being sucked into the pipette will not force liquid into 
the upper capillary. The pipette can then be brought to a nearly hori- 
zontal position for cooling of the bulb and the capped portion in a stream 
of running water. 

The colored solution resulting is read in the Beckman spectrophotometer 
in the micro cuvettes? described by Lowry and Bessey (2). In such a cu- 
vette having a 1 em. light path, the extinction read, corrected for blank, 
multiplied by 12.8 gave micrograms of desoxyribose nucleic acid in the 0.6 
to 10.3 y range. 

A 5.0 y standard’ gave single determinations on 11 separate days of 4.6, 
5.0, 4.7, 5.1, 4.3, 4.5, 5.1, 5.0, 5.1, 5.1, and 4.3 y. 

For the ribose nucleic acid determination, the aliquot pipette filled to the 
().033 ml. mark is emptied in 0.22 ml. of 5 per cent trichloroacetic acid in a 
13 x 100 mm. tube and is washed out with the diluted solution. ‘To the 
tube is then added 0.25 ml. of the orcinol reagent of Mejbaum (1) and the 


! Dow-Corning Silicone stop-cock grease was used on the cap, and a rubber band 
was used to hold it in place. 

2 Obtained from the Pyrocell Manufacturing Company, 207 East 84th Street, New 
York. 

3 A convenient standard for use in the diphenylamine reaction for desoxyribose 
nucleic acid was prepared by heating about 18 mg. of thymonucleic acid (Schwarz 
Laboratories, New York 17) with about 15 ml. of 5 per cent trichloroacetic acid at 90 
for 15 minutes, diluting to 25 ml., and filtering out the insoluble residue. This solu- 
tion remained stable at refrigerator temperature for 5months. However, it could not 
be used as a primary standard on the basis of its phosphorus content, since it gave 
only about two-thirds of the diphenylamine response per mg. of phosphorus given by 
a solution of desoxyribose nucleic acid in dilute alkali in which there was no residue 
of undissolved material. The permanent standard was therefore standardized by 
comparison with a temporary standard made by dissolving 18 mg. of thymonucleic 
acid (Dougherty Chemicals, 87-34 134th Street, Richmond Hill, New York) in a few 
ml. of water containing 1 drop 0.1 N NaOH and diluting to 25 ml. with water. The 
desoxyribose nucleic acid concentration in the temporary standard was calculated 


from a determination of its phosphorus content as recommended by Schneider (1). 
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color developed as usual and read in a micro cuvette. The extinction, 
corrected for blank, multiplied by 3.25 gave micrograms of ribose equivalent 
in the range 0.1 to 3.3 y of ribose. This figure was corrected for color 
contributed by desoxyribose nucleic acid by subtracting 0.023 y of ribose 
for each 1.0 y of desoxyribose nucleic acid present in the aliquot. This 
relationship was determined by experiment with the desoxyribose nucleic 
acid standard solution in the orcinol reaction. A 1.55 y ribose standard 
gave values in single determinations on 13 separate days of 1.68, 1.69, 1.50, 
1.68, 1.64, 1.56, 1.51, 1.64, 1.65, 1.59, 1.58, 1.69, and 1.45 y of ribose. Since 
1 mole of ribose nucleic acid gives the same color response as 2.6 moles of 
ribose rather than as 4 moles of ribose (1), micrograms of ribose nucleic 
acid are calculated from micrograms of ribose by multiplying by 3.3. 


SUMMARY 


A micro modification of the Schneider method for determination of the 
nucleic acids in tissues has been developed. This modification makes possi- 
ble the analysis of tissue samples weighing 1 to 3 mg. (wet weight) and 
containing a total of 1 to 15 y of desoxyribose nucleic acid and 8 to 60 y 
of ribose nucleic acid. 


The authors wish to thank Mr. Karl Walther of this laboratory for con- 
structing the special glass equipment necessary for the performance of this 
method. They are also indebted to Dr. Arnold Sparrow of this laboratory, 
who suggested that the method be developed, and who furnished the plant 
anther material to which the method was applied. 
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METABOLISM OF OXALACETATE IN GLYCOLYZING TUMOR 
HOMOGENATES* 


By VAN R. POTTER anp G. A. LEPAGE 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison) 


(Received for publication, August 31 1948) 


In a recent report from this laboratory (1) it was shown that homogenates 
of several rat tumors showed negligible amounts of oxygen uptake when 
oxalacetate and pyruvate were used as substrates, in contrast to homog- 
enates of brain, kidney, liver, and heart muscle. The oxidation in the 
latter tissues was dependent upon the presence of adenosine triphosphate 
(ATP). Kidney homogenates which had been incubated at 37° for 15 
minutes could no longer oxidize oxalacetic acid (1) and, when added to 
fresh kidney homogenates, rapidly destroyed the ability of these to oxidize 
oxalacetic acid;! fresh homogenates of tumor behaved like the incubated 
kidney homogenates when added to the fresh kidney preparation.! In 
both cases the inactivation appears to be due toa preponderance of enzymes 
involved in the breakdown of the ATP system over the oxidative enzymes 
that maintain the ATP system. 

Thus the results with tumor homogenates might be attributed to the 
failure of an inadequate oxidative mechanism to maintain the ATP system. 
It was desirable to study the ability of the tumor homogenate to oxidize 
oxalacetate under circumstances in which the ATP system could be main- 
tained. Such a system was developed in this laboratory: glycolysis was 
very rapid in fortified tumor homogenates (2, 3) and was accompanied by 
the esterification of inorganic phosphate in good yield (3). It therefore 
is possible to study the ability of tumor homogenates to metabolize oxal- 
acetic acid in the presence of an active glycolytic system, which is capable 
of maintaining the ATP system. 


EXPERIMENTAL 


Oxalacetate metabolism was studied by analytical means, since it was 
not feasible to attempt to measure changes in O, tension in this system. 
Glycolysis was carried out by using the fluoride-blocked and pyruvate- 
supplemented system developed by LePage (3), under both aerobic and 


* This work was supported in part by grants from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research Coun- 
cil, and from the Jonathan Bowman Fund for Cancer Research. 

1 Unpublished experiments. 
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anaerobic conditions. Separate experiments were carried out with normal 
tissues to show that the oxidation of oxalacetate could be carried on in the 
presence of fluoride as employed in the glycolytic system (cf. (4)). The 
gas mixtures were prepared in the laboratory; in the case of the aerobic 
experiments, the gas was 95 per cent air and 5 per cent CO». Gassing was 
accomplished by alternate evacuation and refilling (3, 5). The rate of 
CO, output was followed in the usual manner with the Warburg apparatus 
at 37.5° (3, 5). 

The components of the basic reaction mixture were freshly prepared for 
each experiment so that each 2 ml. contained 0.1 ml. of 0.1 mM K phosphate 
at pH 7.4, 0.45 ml. of 0.154 m KCI, 0.15 ml. of 0.6 m KHCOs, 0.3 ml. of 
0.4 mM nicotinamide, 0.1 ml. of 0.1 mM glucose, 0.3 ml. of 0.01 mM Ix ATP, 
0.20 ml. of 0.2 per cent K DPN (diphosphopyridine nucleotide, approxi- 
mately 85 per cent pure), 0.1 ml. of 0.1 M MgCl, 0.15 ml. of 0.04 m K 
HDP (hexose diphosphate), and 0.15 ml. of 0.2m KF. The glucose, nico- 
tinamide, and bicarbonate were added in the solid form, with an appropriate 
amount of water. Each Warburg flask contained 2 ml. of this mixture, 
plus 0.3 ml. of a cold 10 per cent isotonic KCl homogenate of tumor tissue, 
0.1 ml. of 4 X 10-* mM cytochrome c, and 0.4 ml. of 0.05 m K pyruvate or 
0.4 ml. of freshly prepared 0.05 m K oxalacetate or 0.2 ml. of each. Finally, 
each flask contained 0.2 ml. of H;:O or other addition to make the final 
volume 3.0 ml. Identical components were added to flasks in which the 
reactions were stopped for analysis after various time intervals, including 
zero time (to), in order to follow the course of the reaction. Cold homog 
enate was added to cold flasks containing all other reactants, and the re- 
action was timed from the moment the flasks were placed in the 37° bath 
(3). 

The reactions were stopped by adding 0.25 ml. of 65 per cent trichloro- 
acetic acid from the side arm of each Warburg flask. The flask contents 
were then centrifuged in the cold and the supernatant fluid was analyzed 
for lactate (6), pyruvate, and oxalacetate as total keto acid (7) and inorganic 
phosphate (8) in every experiment, and in certain cases for citrate and 
malate. Citrate was determined by a modification of the pentabromace- 
tone method (9, 10), while malate was determined by a new fluorometric 
method devised by Dr. J. F. Speck and kindly communicated to the authors 
before publication. Methods of estimating ATP phosphorus following 
barium fractionation and correction for hexose diphosphate were essentially 
as given by LePage in the manual by Umbreit et al. (5). 

The tumors were all transplantable rat tumors (Flexner-Jobling car- 
cinoma) taken 8 to 13 days after transplantation, while still non-necrotic. 
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Results 





The basic experiment can best be described in terms of a graph as shown 
in Fig. 1, which gives the typical results obtained when 0.4 ml. of either 
0.05 m pyruvate or oxalacetate was added at fo. In some six experiments of 
this type an additional group of flasks contained 0.2 ml. of pyruvate and 
0.2 ml. of oxalacetate instead of 0.4 ml. of either pyruvate or oxalacetate, on 
the possibility that, in order to metabolize oxalacetate, the ATP of the 
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Fic. 1. Metabolism of pyruvate and oxalacetate in glycolyzing homogenates of 
Flexner-Jobling carcinoma in oxygen and in nitrogen. Each reaction mixture con- 
tained 30 mg. of fresh tissue (16 per cent dry weight). The upper part of the chart 
shows changes in inorganic phosphate concentration in micrograms per flask; the 
lower part shows the change in pyruvate, oxalacetate, and lactate concentrations in 
micromoles per flask. Curves marked ‘‘acid’”’ are based on manometrically meas- 
ured CO: output. 


system would have to be maintained by a concomitant oxidation-reduciion 
between triose phosphate and pyruvate. This did not prove to be the case, 
since oxalacetate proved capable of substituting for pyruvate in the coupled 
oxidation-reduction, as had been observed earlier in the case of muscle 
extracts (11). When a mixture of oxalacetate and pyruvate was used, the 
results were essentially an average of the results with either oxalacetate or 
pyruvate alone, and hence are omitted from Fig. 1. 
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The upper portion of Fig. 1 shows the results of the inorganic phosphate 
measurements, with each keto acid in the presence of oxygen or nitrogen. 
Phosphate uptake was vigorous in each of the four reaction conditions, and 
was consistently better in the case of pyruvate than with oxalacetate, as 
shown in Fig. 1. The mixtures taken off at f29 showed no difference in 
phosphate uptake in oxygen or nitrogen and the slight difference shown 
in Fig. 1 at ts; probably is not significant on the basis of similar experiments. 

From the fact that the inorganic phosphate balance was favorable, 7.¢. 
inorganic phosphate disappeared throughout the course of the reaction, it 
would be inferred that the ATP reservoir was being maintained. How- 
ever, proof of this was obtained by actual analysis following fractionation. 
The observed value for labile ATP phosphorus (corrected for HDP de 
termined separately) was 142 y per flask in two flasks at t. In the six 
flasks that were stopped at és9 (see Fig. 1) the A7 value averaged 49 y per 
flask, which represents the balance between the phosphate input from the 
oxidative step in glycolysis (none could come from phosphopyruvie acid 
since fluoride was present) and the phosphate output from ATP due to 
ATP-ase and hexokinase action. 

The lower portion of Fig. 1 shows the results of the measurements of 
lactate, CO, output, and keto acid disappearance. In each case, 20 micro 
moles of keto acid were added. In the case of pyruvate (lower left, Fig. 1) 
the lactate formation determined chemically paralleled the acid formation 
as revealed by CO, output, and was more than accounted for by the pyru- 
vate disappearance. Fig. 1 also shows the results in terms of the sum of 
pyruvate plus lactate, which reveals that a small amount of pyruvate 
disappeared in a reaction other than direct reduction to lactate. Since 
pyruvate disappearance was the same in O2 or No, the reaction is assumed 
to be anaerobic and is possibly the dismutation to lactate plus acetate. 

In the lower right portion of Fig. 1, the results obtained with oxalacetate 
are shown. In this case, the lactate formation did not parallel the acid 
formation, and much more oxalacetate disappeared than could be accounted 
for by lactate. The fact that the acid formation was about the same as 
in the case of the pyruvate addition indicated that triose phosphate was 
being oxidized to phosphoglyceric acid; in order for this to occur a hydrogen 
acceptor must have been present. Since the results were the same in 
oxygen and in nitrogen, and since the oxalacetate disappearing was un- 
accounted for, it would be inferred that oxalacetate was being reduced to 
malate, which might be dehydrated to fumarate, which in turn could be 
reduced to succinate. Attempts to demonstrate malate formation by 
polarimetric methods? were unsuccessful, due to the small amounts of 
malate encountered and due to the presence of interfering compounds. 


2 We are indebted to Dr. A. B. Pardee for the polarimetric measurements. 
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However, when Speck’s method for malate was applied, it was possible to 
determine the malate formation. The analyses were carried out with 0.2 
and 0.3 ml. of a 1:50 dilution of the trichloroacetic acid filtrates. There 
was a small interference which was due to the presence of glucose and hexose 
diphosphate (HDP), since filtrates from reaction mixtures that did not 
contain these substances gave absolutely no interference with the deter- 
mination of added malate. Separate experiments showed that, when 
analyzing different aliquots of samples containing small amounts of glucose 
or HDP, one could extrapolate the values for malate to the “zero” aliquot 
to correct for the effect of the interference. The interference was appreci- 


TABLE | 
Malate and Lactate Formation from Oxalacetate and Pyruvate during Aerobic 
Glycolysis, by Homogenized Flexner-Jobling Rat Carcinoma 

Conditions as in the text, except that glucose was reduced to 0.05 ml. of 0.1 m 
glucose per flask, and both the glucose and HDP were omitted from the ¢) samples. 
Experiment otherwise comparable to right-hand portion of Fig. 1. Each flask eon- 
tained 20 micromoles of added oxalacetate or pyruvate at zero time. The figures 
without parentheses represent flasks with oxalacetate; the figures in parentheses 
represent flasks with pyruvate. 


‘ : S , oxalacetat ‘ 

Time | pyuvate)iper Sask | perfiack | Lactate per flask | (or pyruvate) +  Tnorsenic phosphate 
min, micromoles ‘wleoumneles f ssicvomeles micromoles 7 ¥ 

0 20.0 (20.0) 0 (0) 0.3 (0.3) 20.3 (20.3) 333 (335) 
15 | 13.2 (12.6) 3.6 (0) 0.9 (4.6) Ti.? Gt,a0 327 (319) 
15 13.0 (13.2) 3.8 (0) 0.9 (4.6) bed (C8) 317 (310) 
30 7.9 (8.1) 5.5 (0) 2.4 (7.7) 15.8 (15.8) 306 (279) 
30 8.1 (8.3) 5.4 (0) 2.4 (7.9) 15.9 (16.2) 293 (279) 
45 5.1 (5.5) 6.4 (0), 3.5 (10.1) 15.0 (15.6) 287 (275) 
45 5.4 (5.3) 6.4 (0) 3.3 (9.9) 15.1 (15.2) 288 (272) 


able when 0.3 ml. of 0.1 M glucose per flask was employed and was slight 
when 0.1 ml. was used. The extrapolation to correct for the interference 
was unnecessary when the glucose addition was reduced to 0.05 ml. of 0.1 
M glucose per flask, an amount very near the minimum level that could be 
used without affecting the glycolytic system (3). This amount of glucose 
was accordingly used in the experiment reported in Table I, in which the 
malate was determined on 0.2 and 0.3 ml. of the 1:50 dilution of the tri- 
chloroacetic filtrates. This experiment was comparable to that reported 
in Fig. 1, except that the conditions were aerobic throughout and the glu- 
cose was present in lower amount. 

The fact that lactate was formed when oxalacetate was added (‘Table I) 
shows that oxalacetate was converted to pyruvate but the conversion was 
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not rapid enough to give a lactate production equal to that obtained with 
pyruvate; hence enough oxalacetate remained to compete with pyruvate 
for the hydrogen from the reduced DPN, and more malate than lactate was 
formed from the oxalacetate. It is of interest that no malate was formed 
from the pyruvate, hence no oxalacetate was formed from the pyruvate 
(Wood-Werkman reaction) under these conditions. The absence of malate 
from the ¢) samples and from the incubated pyruvate samples is additional 
proof that the malate analyses on the samples that contained oxalacetate 
were valid. 

Table I shows that the sum of lactate plus malate in the flasks that con- 
tained oxalacetate is equal to the lactate formed in the flasks that contained 
pyruvate. Moreover the sum of oxalacetate, lactate, and malate in the 
oxalacetate reaction mixtures at any moment was equal to the sum of 
pyruvate and lactate in the flasks to which pyruvate had been added. 
Thus the unaccounted for oxalacetate was equal to the unaccounted for 
pyruvate at any moment, and amounted to approximately 5 micromoles 
in 45 minutes. If this is calculated in terms of oxygen uptake equivalent 
to a dismutation reaction, the figure of 7.8 is obtained as a theoretical 
Qo., which is very close to what has been observed in the case of slices of 
this tumor. The bulk of the unaccounted for oxalacetate may have been 
converted first to pyruvate, the formation of which is proved by the lactate 
figures, and may then have followed the pathway taken by the unaccounted 
for pyruvate. At any rate, attempts to demonstrate succinate formation 
in this type of experiment were unsuccessful. Determinations for citrate 
were also carried out, and, although there was a demonstrable difference 
between the experiments with pyruvate and with oxalacetate, the total 
amounts of citrate that accumulated were negligible in comparison with the 
keto acid that disappeared. Thus the 35 minute values for citrate from 
pyruvate, oxalacetate, or pyruvate plus oxalacetate in air were 0.04, 0.25, 
and 0.20 micromoles per flask in one experiment and 0.03, 0.15, and 0.19 
in a replicate experiment, while the values in nitrogen were 0.025, 0.17, 
and 0.18.% 

In an effort further to validate the results shown in Fig. 1, with respect 
to the O. versus N. data, a comparable experiment was set up by using 
N2 versus N2 in flasks to which a small stick of yeliow phosphorus was added 
just before gassing (see (5)). The reactions were run for 35 minutes and 
stopped with trichloroacetic acid in the usual fashion. The phosphate 
values were erratic by 30 to 40 y in the case of the flasks that contained the 
yellow phosphorus, probably because of the slight fuming just before the 
oxygen was evacuated. The keto acid values and lactate values are given 
in Table II. The differences are not considered significant, and it is con- 


3 We are indebted to Mrs. G. G. Lyle for these determinations. 
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cluded that the unaccounted for pyruvate and oxalacetate were not dis- 
appearing by an oxidative pathway. 

Attempts to Fix Ammonia—Since the tumor homogenates appeared to be 
unable to remove oxalacetate oxidatively, it was of interest to attempt to 
obtain oxalacetate removal by some other pathway. Mitchell and Houla- 
han (12) reported experiments with Neurospora in which “evidence is pre- 
sented to indicate that the carbon chain of pyrimidines arises from oxalace- 
tic acid.” Since the incorporation of NH; into oxalacetic acid might be 
expected to occur in the first steps of such a synthesis, with the loss of keto 
acid, the disappearance of oxalacetic acid in the reaction mixtures employed 
above was studied with and without NH,Cl1 (0.0067 m final concentration), 
but no differences were observed. Thus, with 20 micromoles of oxalacetate 


TABLE II 


Keto Acid Disappearance and Lactate Formation by Homogenates of 
Flexner-Jobling Tumors 


Anaerobic conditions, Nz versus Nez plus yellow phosphorus. Other conditions 
as in the text. Each figure is the average of two flasks. Incubation time, 35 
minutes. The values are measured in micromoles. 


Pyruvate Oxalacetate 


Conditions So ee an Ae 
| Disappearance | Lactate formed | Disappearance Lactate formed 
DA ies hate tere ote Ce eels ee 10.2 7.6 10.4 gy 
N2 + yellow phosphorus.......| 10.2 7.2 10.4 1.4 


added the amounts utilized were 7.6 and 7.5 at 20 minutes and 12.4 and 
12.4 at 35 minutes, with and without NH,Cl. In other experiments, 
a-ketoglutaric acid was substituted for oxalacetic acid and was tested with 
and without NH,Cl in an attempt to form glutamic acid by reduction of 
a-iminoglutaric acid with the hydrogen from the reduced DPN formed in 
glycolysis, since the glutamic system was shown to react with both DPN 
and TPN when a liver enzyme preparation was used (13). Neither a-keto- 
glutaric acid nor a-iminoglutaric acid (non-enzymatic formation in presence 
of NH) was able to accept H from reduced DPN. In two experiments, 
the lactate formation was only 1.0 micromole at 35 minutes, compared to 
10 micromoles in parallel tests in the presence of pyruvate. This is ap- 
proximately the amount of lactate that can be formed in the fluoride system 
when no pyruvate is added (3). The disappearance of a-ketoglutarate 
was very small with and without NH,Cl, and there was an increase in in- 
organic phosphate (instead of the usual decrease as in Fig. 1) which was the 
same with and without NH,Cl. These negative experiments are of course 
not conclusive since some essential condition for the reaction may have 
been omitted. 
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DISCUSSION 


The results in this report show that, even when the ATP system was 
maintained by the glycolytic mechanism, homogenates of Flexner-Jobling 
rat tumors were unable to oxidize oxalacetic acid. If this situation pre- 
vails in the tumors in si/u, oxalacetic acid might be expected to be available 
for alternative paths of metabolism (14). The demonstration of an alterna- 
tive pathway leading to a building block necessary for growth, e.g. uracil 
(12), would of course lend added significance to the finding that the oxida- 
tive pathway appears to be weak or missing. ‘The failure to demonstrate 
such an alternative pathway in the present work is of little significance, 
since the correct conditions may be difficult to attain zn tro, and, even if 
attained, the rate may be very slow in comparison with the rates of the 
glycolytic reactions that have been reported here. 

One may next consider whether oxalacetie acid is formed in appreciable 
amounts in tumor tissue. The failure to oxidize oxalacetic acid might 
seem to indicate that oxalacetic acid could not be formed in tumor tissue 
since the Krebs cycle of oxidations leads to oxalacetic acid formation as 
well as removal. But tumor tissues contain significant amounts of both 
succinic and malic dehydrogenases according to our earlier assays (15, 16),! 
and the substrates for these enzymes might reach the tumors via the blood | 
stream or be formed in the tumor from amino acids. Oxalacetie acid might | 
also be formed elsewhere in the body and transported to the tumors. | 

It would appear that both the problem of finding an alternative pathway 
for oxalacetate and the problem of whether oxalacetate is available in the 
tumors for such reactions might be studied in situ by means of C'-labeled 





precursors of oxalacetate. 

Meanwhile other means of testing for the presence of the oxidative path- 
way need to be explored. It is desirable to know whether the tumor tissues 
contain negligible amounts of the enzyme or contain none of the enzyme, 
since proof of the latter condition would possibly be necessary if a somatic 
mutation were to be postulated as the cause of the irreversible loss of the 
enzyme. Proof that such a situation exists may not be readily obtainable 
because the admixture of small amounts of normal connective tissue and 
blood vessels with the tumor sample may not be readily eliminated. 


SUMMARY 


The ability of fortified homogenates of Flexner-Jobling rat tumors to 
oxidize oxalacetate was studied. Since the oxidation in normal tissues 
occurs only under conditions that are compatible with ATP maintenance, 





4The reduction of oxalacetate to malate reported in Table I is also proof that 
malice dehydrogenase is present in significant amounts. 
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the latter was accomplished in tumor homogenates by means of phosphoryl- 
ating glycolysis, which proceeded actively in the presence of air. Oxalace- 
tate and pyruvate disappearance was studied in a system in which pyruvate 
formation was prevented by fluoride. Pyruvate could be almost entirely 
accounted for as lactate, while oxalacetate was accounted for as a mixture 
of lactate and malate in air or in nitrogen. There was thus no evidence 
that significant amounts of oxalacetate could be oxidized. 
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While the isolation of estrogens from gonads, adrenals, and placenta has 
indicated the sites of synthesis of these hormones (1, 2) and studies of urine 
have emphasized this pathway of excretion (3, 4), little is known of their 
fate in the body. Fragmentary data have been obtained by biological 
assay of blood (5-8), liver (5, 6, 9-11), bile (12-14), and other tissues (6, 
10,11). However, biological assays fail to demonstrate more than a small 
fraction of an injected dose of estrogens (15, 16) and, therefore, are not well 
suited for examination of the behavior of these compounds in the body. 
More recently, Berger has approached this problem by tracing radioactive 
bromotriphenylethylene in the organs and tissues of the mouse (17). In 
the present study a-estradiol iodinated with radioactive iodine has been 
similarly investigated. 

The only halogen derivatives of estrogens so far investigated from the 
chemical point of view have been the monobromo derivatives of estrone 
and estriol (18) and 2,4-dibromo-a-estradiol obtained by the action of N- 
bromoacetamide on free a-estradiol (19). The iodinated derivatives used 
in the present experiments consisted at first of a crude mixture of mono- and 
diiodo-a-estradiol and later of crystalline diiodo-a-estradiol. 


Chemical Experimentation 


Preparation of Crude Radioiodo-a-estradiol— Model experiments for the 
iodination of a-estradiol were performed with either I, in alkaline aqueous 
medium or N-iodoacetamide under anhydrous conditions. Both methods 
produced a yellow oil which, following chromatographic purification on 
alumina, and erystallization from benzene and petroleum ether, yielded a 
microcrystalline material whose melting point (173-174.5°, with decom- 
position) was depressed on admixture with pure a-estradiol (m.p. 176-177°). 
Such crystals contained 480 y of iodine per mg. and were thus diiodo-a- 
estradiol (theoretical, 485 y of iodine per mg.). 

For the preparation of the radioactive iodo-a-estradiol, the tracer I'*, 

* Preliminary reports of this work have been presented at the Thirty-eighth 
meeting of the American Association for Cancer Research (Chicago, May, 1947) and 
at the Fourth International Cancer Research Congress (St. Louis, September, 1947). 
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present as iodide in 1 cc. of 1 per cent of NaOH, was mixed with 103.2 ¥ of 
carrier potassium iodide and 26.6 y of potassium iodate and acidified with 
0.2 ec. of 2.5 N sulfuric acid to release I,. 100 y of a-estradiol dissolved in 
1 ce. of methanol and 0.2 ec. of concentrated ammonia were added. The 
reaction mixture (pH 9 to 10) was neutralized with glacial acetic acid, 
diluted to 10 volumes with distilled water, and extracted with three 15 ce. 
portions of freshly distilled ether. The combined ether extracts were 
washed with water twice and evaporated to dryness. The resulting oil 
was then taken up in 0.1 cc. of ethanol and diluted with 0.4 ce. of saline 
for injection. 

Composition of Crude Radioiodo-a-estradiol—The nature of the injection 
material was determined by the use of the isotope dilution technique. For 
this purpose, the material was mixed with a large amount of non-radio- 
active iodo-a-estradiol prepared from 225 mg. of a-estradiol treated for 24 
hours at room temperature in absolute ethanol with 1 equivalent of N- 
iodoacetamide (155.7 mg. containing 106.6 mg. of 1) prepared as described 
by Boismenu (20). After dilution with water and collection with ether 
the mixture was separated chromatographically on alumina. Three crys- 
talline compounds and several oily fractions were obtained. Their iodine 
content and specific activity (amount of radioactivity per unit weight of 
iodine) were estimated (Table I). 

Yrystals 1 were shown by mixed melting point determinations and iodine 
content to be identical with the crystals of diiodo-a-estradiol isolated in the 
pilot experiments. ‘Their purity was indicated by the constancy of their 
specific activity following recrystallization. Crystals 2 consisted of un- 
changed a-estradiol. Crystals 3 were long, fine and needle-shaped, de- 
pressed the melting point of diiodo-a-estradiol, and contained an amount 
of iodine close to the theoretical for monoiodo-a-estradiol; namely, 319 
yofIpermg. Their specific activity could not be measured because they 
were obtained in a small amount at a time when the radioactivity of the 
material was almost exhausted. It may be noted, however, that since 
Fraction 6, which was obtained after Crystals 3 in the chromatographic 
column, had a similar iodine content it may also be considered to consist of 
monoiodo-a-estradiol. Its specifie activity, 5, was taken as representative 
of monoiodo-a-estradiol. 

In order to calculate the content of each chromatographic fraction, it was 
assumed that only three substances were present; namely, a-estradiol, 
monoiodo-a-estradiol, and diiodo-a-estradiol. For each fraction it was 
possible to set three equations, one based on the total weight, another based 
on the iodine content, and a third based on the specific activity. Thus, 
the three unknowns, namely the weights of a-estradiol, monoiodo-a-estra- 
diol, and diiodo-a-estradiol, could be calculated in each fraction. 

A total of 102.5 mg. of monoiodo-a-estradiol and 64.2 mg. of diiodo-a- 
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estradiol was thus obtained. It is apparent that the small amount of 
crystalline monoiodo-a-estradiol obtained (Crystals 3) is not due to a low 
yield but to difficulty in purification. The injection mixture consisted of 
a-estradiol, monoiodo-a-estradiol, and diiodo-a-estradiol in quantities 
roughly proportional to the totals listed at the bottom of Table I. 


TABLE [| 


Chromatographic Analysis of Crude lodo-a-estradiol 


nee Specific Calculated content 
tent in i in mg. of 
Eluate Weight dataa counts went Di- 
frac- pats Estra- | iodo- | iodo- 
ton | ae | a lege regaee 
mg. 
Total oil used 340.6 260 3.7 
Fractions 1 and 2 Benzene 41.6 | 396 2 3:5 | 13.41 28.7 
Crystals 1 (m.p. 173- ** and ben- | 38.5 480 1.2} 0 0 | 38.5 
174.5°, with decom- zene + 1% 
position) acetone 
Crystals 2 (m.p. 176- Benzene +4and | 48.2 0 0 | 48.2 
tit) 8% acetone 
Fractions 3 and 4 Benzene + 50% | 12.5 340 4 1.3} 14:2 © 
acetone . 
Fraction 5 | Benzene 4.9 50 5 4:2) O77} 6 
Crystals 3 (m.p. 168- | ‘+ ether | 2.4; 310 0 2.4/) 0 
169.5°, with decom- (50:1) 
position) 
Fraction 6 Benzene 4+- ether 57.8 317 5 0 57.8 0 
(50:1) 
“6 7 Benzene + ether | 21.9 245 4.5) 5.2 | 16.7 0 
| (12:1 and 6:1) 
$¢ 8 Benzene +ether 3.3 150 >5 2 es a a 
(3:3) 


i | EEE TOE SEG, 64.4 102.5 | 64.2 


Preparation of Radioactive Diiodo-a-estradiol —Pure diiodo-a-estradiol it- 
self was used in a few animals to determine whether its distribution and ex- 
cretion would differ from that of the crude material. 4 mg. of unlabeled, 
recrystallized diiodo-a-estradiol were dissolved in benzene together with 
a batch of crude radioiodo-a-estradiol. About 2.7 mg. of radioactive 
diiodo-a-estradiol were obtained by slow crystallization out of the mixture. 


Biological Experimentation 


In order to determine the biological activity of the iodinated compounds, 
both diiodo-a-estradiol and monoiodo-a-estradiol were assayed in spayed 
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rats by the vaginal smear test, which is sensitive to 0.1 y of a-estradiol. 
Neither of these substances had estrogenic potency at levels up to 100 y. 

Distribution of Labeled Material—The distribution of the iodinated a- 
estradiol was examined in about forty organs and tissues of seven diestrous 
female mice of the cancer-susceptible C3H strain and one diestrous female 
mouse of the cancer-resistant C57 strain. All of the animals were sacrificed 
10 to 12 hours after a single subcutaneous injection. 

Five of the animals were normal, non-tumor bearing animals. Animal a, 
a 4 month-old, 30 gm. C3H mouse, received 18 y, and Animal b, a 6 month- 
old, 26 gm. C3H mouse, received 15 y of crude radioiodo-a-estradiol in 
ethanol-saline in the dorsal region. Animal f, a 3 month-old, 11 gm. C3H 
mouse, received 2 mg. of radiodiiodo-a-estradiol in ethanol-saline in the 
right thigh. Animal g, a 3 month-old, 20 gm. C3H mouse, and Animal h, 
a 3.5 month-old, 20 gm. C57 mouse, received 0.54 mg. of radiodiiodo-a- 
estradiol in ethanol-saline and 1 per cent Duponol (sodium lauryl] sulfate) 
in the right thigh. 

Three of the cancer-susceptible animals bore mammary tumors, and, of 
these, two animals (c and d) were in good health and the third animal (e) 
seemed to be in poor condition. Animal c, a 9 month-old, 32 gm. mouse, 
received 3 y, Animal d, a 9 month-old, 26 gm. mouse, received 16 y, and 
Animal e, a 10 month-old, 25 gm. mouse, received 11.2 y of crude radioiodo- 
a-estradiol in ethanol-saline in the dorsal region. Animals a, b, c, d, and ¢ 
were kept in individual mouse cages lined with filter paper for the collection 
of urine and feces. Animals f, g, and h were kept individually in specially 
constructed metabolism cages which provided a better separation of urine 
and feces. 

At the time of autopsy, the animals were anesthetized with ether and 
blood was removed as completely as possible from the inferior vena cava. 
The organs were then removed, weighed, placed in test-tubes or flasks con- 
taining 1 cc. of 2 N NaOH for every 100 mg. of tissue weight, and heated in 
a water bath until homogenized. A 1 cc. aliquot was then pipetted onto 
a 40 mm. watch-glass and dried at 70° for 2 to3 hours. The radioactivity 
was then counted under a bell-shaped 6-ray Geiger counter tube. Urine 
and feces were treated in the same manner. In calculating the results, it 
was assumed that muscle comprises 50 per cent and blood 5 per cent of the 
body weight, half the blood being taken as plasma and half as cells. The 
results (Table IT) showed a similar distribution of the crude iodo compounds 
(Animals a to e) and the pure diiodo-a-estradiol (Animals f to h). 

Less than 1 per cent of the injected dose was recovered in the blood 
plasma, while a smaller but appreciable amount was found to have entered 
the red blood cells. 

The bulk of the injected radioactivity was found in the various segments 
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Plasma 


Cells 


Stomach and con- 
tents 


Duodenum and con- 
tents 


Jejunoileum and 
contents 


Colon-cecum and 
contents 


Feces 


Liver 
Pancreas 


Gallbladder (with 
some bile) 





Submaxillary 
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Crude iodo-a-estradiol in 
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| | Ba wnt 
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TaBLeE II 
Distribution of Radiotodo-a-estradiol 





Crude iodo-a-estradiol in 
mammary tumor- 
bearing mice 


normal (non-tumor- 
bearing) mice 


a Percent of | _ | = Percent of | : 
Bayete! | Satie a) Bee ooeians 
Blood 
a| 0.091 | 0.478 | ¢| 0.061 1.289 
b | 0.115 | 0.615 | d) 0.100 0.276 

| | |e | 0.450 2.079 
a} 0.036 | 0.188 ¢ | 0.024 0.377 
b| 0.008! 0.044} d)| 0.009 0.026 

| |e | 0.091 | 0.422 
Gastrointestinal tract 
1 a| 0.787 | | 0.240 
/b | 0.620 | id) 1.483 
os |e | 0.786 
a) 0.124 _ ;c| 0.216 
b| 0.574 | 'd| 0.172 
| | | -e| 0.761 
| 1.771 | -c¢| 4.964 
6.461 | 'd) 3.514 
fd le | 16.158 | 
ja} 2.411 | |¢ | 38.209 | 
db | 15.037 'd)\ 2.311 
| (e| 2.946 | 
30.419 | | | 72.457 | 
| 17.590 | /d 30.456 | 
| |e | 


la} 0.855! 1.042 | ¢ | 


| 0.536 2.553 
/b | 0.754) 1.956 | d > 0.861 | 0.867 
| | 'e| 2.593 0.416 
a| 0.027) 0.393|c¢}| 0.015 0.489 
»| 0.020 | 0.420 | d| 0.037, 0.227 | 
| | le | 0.127 | 0.168 | 
a| 0.002 | 1.709 | ¢ | 0.004 | 18.298 | 
(6 | 0.005 | 0.544 | d) 0.014 7.908 | 
| | | e| 0.018 | 1.764 | 
a} 0.032 | 1.225 | ¢ | 0.010 5.319 
b| 0.069 | 2.835 | d| 0.011 | 0.249 | 
| | |e | 0.181 | 


2.125 | 
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0.015 
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0.859 
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g) 0.013 | 
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0.244 
2.825 


0.090 
0.971 


1.959 
4.063 
4.756 
0.961 
0.863 
0.413 
| 21.594 
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1.379 
2.501 








Sublingual 


Parotid 


Lungs 


Kidneys 


Bladder 


Urine 


Thyroids 


Adrenals 


Ovaries 


Pituitary 


| 


| 


nimal 


METABOLISM OF [ODO-@-ESTRADIOL 


Crude iodo-a-estradiol in 
normal (non-tumor- 
bearing) mice 


| 
Percent of | 


injected | 
dose 


Concen- 


|< | 


a’ 0.001 0.177. ¢ <0.002 <0.318 
b 0.004 0.402 d! 0.004 0.159 
e | 0.006 0.712 
a 0.001 0.161 c 0.002 0.425 
b 0.010 0.561 d 0.006 0.223 
e 0.016 1.909 
Respiratory system 
a! 0.015 | 0.380 ¢| 0.017} 1.085 
b| 0.027) 0.531 | d! 0.028! 0.318 
e 0.095 | 0.153 
Urinary system 
a 0.041 0.404; c 0.025 0.681 
b | 0.052 0.562 'd, 0.061 0.282 | 
e 0.123 1.156 | 
a 0.007 0.729\c. 0.025 0.681 
b 0.007 1.000 d 0.061 0.279 
e| 0.123, 1.455 
a 3 < 766 c 24 ° 789 
b 18.477 d 3.469 
e 8.695 


tration® | 


TABLE [I—Continued 


Crude iodo-a-estradiol in 
mammary tumor- 
bearing mice 


| 
Per cent of | 


~~ Las 
6): Concen 
= | injected seen 
E 
‘| dose | tration 
|< 


Endocrine glands 


a! 0.121 |107.157 | ¢ | 0.039 | 72.128 | 
b 0.145 | 91.162 | d | 


a 0.0003 


b  =0.001 | 0.646 


a 0.0008) 0.281 | ¢ 


b | 0.002 | 


a} 0.0002 0.172 


0.244 | 


0.289 163.340 | 
c <0.002 |<2.553 | 
d\ 0.001 | 0.405 | 
e| 0.003 | 1.277 | 
'<0.002 <3.404 | 
d!| 0.002 0.286 | 
e| 0.005 | 1.223 | 
ce <0.002 <4.893 


Diiodo-a-estradiol in 
normal (non-tumor 


bearing) mice 

Bead 

lg |Per cent of Crnens 
eh 1cer 
| | injected atic 

| £ | dose tration* 
ig} 

Sed 


Glands related to gastrointestinal tract—conlinued 


f | 0.010 0.568 
g 0.002 0.764 
h| 0.003 1.447 
f | 0.007 0.325 
g 0.005 0.788 
h| 0.009} 1.711 


f | 0.013 | 0.220 
0.013 | 1.009 
h 0.024 1.673 


—) 


f | 0.046 0.407 
g| 0.031 0.899 
h!| 0.042 1.579 
f 0.004 0.445 
g| 0.0008 0.107 
h} 0.003 | 1.851 
f | 5.925 
g| 9.265 
h:\ 4.948 

| f | 0.121 | 80.723 
g| 0.026 115.284 
h 


| 0.019 108.229 


f \<0.001 <0.465 
g| 0.002 1.125 
|h| 0.001 1.481 
f| 0.002 0.611 
g 


'<0.001 <0.830 
h| 0.0006 0.705 
| f |<0.001 <4.652 
|g |<0.001 <2.296 
h |<0.0007 <2.865 
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TABLE II—Continued 





Crude iodo-a-estradiol in 
normal (non-tumor- 
bearing) mice 


| | 

| j | 
} | 

Per cent of Concent 





Crude iodo-a-estradiol in 
mammary tumor- 
bearing mice 


| 
\Per cent of| 
































‘ar ss “aT ts Concen- 
5 | — | tration* E —— | tration* 
Lymphatic system 

Spleen a, 0.007; 0.1386 cc, 0.003 | 0.234 
b 0.018) 0.266 d 0.032 0.191 

e 0.053 0.709 

Thymus a 0.0001 0.106 | ¢c <0.002 <2.978 
b| 0.003 0.412) e/| 0.002 0.911 

Lymph nodes a\ 0.011) 0.308 | c | 0.025 0.638 
b sina 0.434} d| 0.016 0.190 

| | | 
Accessory sex organs 
Uterus 1a! 0.020| 0.345|¢| 0.002| 0.596 | 
6 | 0.017) 0.398 | d| 0.022) 0.241 | 
= e| 0.019) 1.273 | 
Cervix /a| 0.004 | 0.416 | ¢ |<0.002 |<2.553 | 
/b| 0.006 | 0.792} d}| 0.002} 0.183 
tod e} 0.019} 1.040 | 
Vagina -a| 0.006 | 0.492) ¢| 0.006) 2.766 | 
(6 | 0.011 | 1.163 | d| 0.007 | 0.237 | 
| | e| 0.012 | 1.505 | 
Mammary gland {a} 0.442| 3.018 | c¢| 0.741 | 32.765 
|b | 0.208 | 2.525 | d| 0.098 | 0.606 | 
by e| 0.142 | 32.173 | 
“ tumor | | | c | 0.030 | 0.383 | 
| | d| 0.045 | 0.212 | 
| | | | e | 0.768 | 1.440 | 
Preputial glands /a}| 0.0009) 0.257 | ¢ |<0.002 |<7.021 
'b | 0.001 | 0.955 | d| 0.001 | 0.317 
| | |e | 0.001 | 0.720 | 
Various tissues 

Skeletal muscle 'a 0.650) 0.225! c¢ 0.362 0.362 
'b) 1.182 | 0.393) d) 0.777 0.135 

e| 7.347 2.120 

Cardiac“ a 0.005 0.134 ¢ 0.003 0.255 
b 0.014 0.406 d) 0.013 0.172 

-e| 0.029 | 0.762 
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Diiodo-a-estradiol in 
normal (non-tumor- 
bearing) mice 


Animal 


~, 


~ea™ | 


~ eS 


injected 
€ 


rc , 
Per cent of Ciscon: 


| tration*® 


0.005 
0.004 | 


0.007 


0.001 | 
0.001 | 
0.003 | 


0.018 


0.012 | 
0.008 | 
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Tasie [l—Concluded 


Crude iodo-a-estradiol in | Crude iodo-a-estrdiol in | Diiodo-a-estradiol ir 
normal (non-tumor- mammary tumor- | norma! (non-tumor 
bearing) mice bearing mice | bearing) mice 


| 
| 
| 





— |Per cent of; «,.. — |Per cent of — |Per cent of} . 
1" tration® | 5) "Ge tration® | E | injected | tration 
< | < la 
Various tissues—continued 
Skin a| 6.222) 5.581) cj; 0.851!) 2.340 | f | 2.854 | 2.483 
b | 7.819 | 8.881 | d| 11.157! 5.875 |g 0.481 1.716 
e, 1.643; 2.089! h| 0.550 2.100 
Fat a 0.614 ¢ 2.191 | f 1.349 
b 28.641 | d 0.660 g 1.540 
e 2.004 | h 1.201 
Bone c <0.002 <0.020 | f | 0.018 | 0.076 
b| 0.104 0.513 > d| 0.047) 0.125 g| 0.009 0.278 
h\ 0.007 0.132 
Brain a 0.004 0.042 c <0.002 <0.064' f | 0.004 0.025 
b| 0.006: 0.056 d) 0.006, 0.031 | g)| 0.004 0.122 
e' 0.016 0.016 hk, 0.011 | 0.885 
Site of injection a; 0.273 d 0.354 f | 0.192 
b | 0.161 e , 27.437 g 15.674 
h | 34.258 
Carcass a) 0.588 | 0.287 ¢ 0.279 0.319 | f | 0.980 0.421 
b| 1.579 0.256 d 1.406 0.256) g| 0.891 1.301 
h 


e 2.086 | 0.896 0.630 | 0.771 


All Geiger-Miiller counts below 10 (10 counts being approximately 3 times the 
standard error of the background) were made equal to 10 and, after the proper calcu- 
lations, are preceded by <. 

* The concentration is expressed as the number of counts per mg. of organ weight 
over the number of counts recovered in the animal’s body after exclusion of the site 
of injection, gastrointestinal tract, feces, and urine per mg. of body weight. 


of the gastrointestinal tract, and in the feces where on the average 30 per 
cent of the injected dose was present. The liver contained a moderate con- 
centration, which was on the average less than that of the bile. Among 
the remaining glands related to the gastrointestinal tract, the submaxillary 
showed the highest concentration. 

An average of about 9 per cent of the injected dose was excreted in the 
urine, while the values for the kidney were rather low. 

A significantly high concentration was found in mammary glands, fat, 
and skin. In the mammary tumors, the concentration approximated the 
lower limit of the amount found in normal mammary tissue. ‘The con- 
centration in other organs and tissues was low, with the possible exception 
of vagina, uterus, and adrenals. Other endocrine glands also showed rather 
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low values. However, a high concentration of radioactivity was found in 
the thyroid which contained from 0.02 to 0.29 per cent of the injected dose. 

The high concentration of radioactivity found in the skin was confirmed 
by the method of radioactive autography with frozen sections of the dorsal 
skin coated with photographic emulsion (21). A large amount of water- 
insoluble radioactivity was thus observed in the derma, a small amount in 
the hypodermis, and none in the epidermis or hair follicles (Fig. 1). 

The animal bearing the advanced mammary tumor (Animal e) showed 
more radioactivity than the other animals in most organs and tissues, 
especially in blood, jejunoileum and contents, liver, mammary tumor, and 
skeletal muscle, while the amount of radioactivity excreted in the feces was 
much lower than with the other animals. 





Fic. 1. Autograph of the skin of Animal c. The skin from the back was fixed in 
neutral formalin, sectioned on the freezing microtome, coated with photographic 
emulsion, and exposed in the dark. The black lines in the epidermis (top of photo- 
graph) are artifacts. The smooth darkening of the derma indicates a high coneen- 
tration of radioactivity, while the light graying in the hypodermis (lower part of 
photograph) points to a low concentration of radioactivity. X 58. 


In most animals, very little remained at the site of injection following the 
termination of the experiments. However, the animal bearing the ad- 
vanced mammary tumor (Animal e) and the animals receiving the iodinated 
a-estradiol in the ethanol-saline-Duponol vehicle (Animals g and h) still 
retained 27, 15, and 34 per cent of the injected dose respectively in this 
region. 

A second experimental series was devised to determine whether there 
were sex differences in the distribution of crude radioiodo-a-estradiol. 1.7 
y of the iodinated a-estradiol were administered subcutaneously into the 
left thigh of each of three male C3H mice weighing about 28 gm. and each of 
three C3H female mice weighing about 24 gm. The experimental pro- 
cedure in this and subsequent series was the same as in the preceding experi- 
ment. The content of radioactivity in liver, intestine, feces, and urine was 
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found to be similar in both sexes (Table III). The amount of radioactive 
material found in the jejunoileum and contents and in the colon-cecum and 
contents was somewhat lower in females than in males, but the difference 
is of doubtful significance. 


TaB_LeE III 


Influence of Sex on Radioiodo-a-estradiol Content of Liver, Intestine, Feces, and Urine 


Males Females 
Organ 
Per cent 0 ; hie Per cent of ; ae 

injected dose Concentration injected dose Concentratio 
Jejunum, ileum, and contents 1.810 0.683 0.627 0.067 
4.080 0.6438 2.460 0.296 
1.424 0.237 2.896 0.255 
PONG oo vais. +3. 4 oon sie peeigiere as 3.4388 0.521 1.994 0.206 
Colon, cecum, and contents 5.835 1.369 1.751 0.350 
7.143 1.755 1.426 0). 868 
2.892 0.653 2.552 0.499 
ED 3 io occ secs 0 ae 5.290 1.259 2.910 (0.572 
Feces 37.291 10.578 39.358 12.198 
40.695 14.195 36.514 19.155 
47.391 16.224 16.737 11.547 
Or 41.792 13.666 40.870 14.300 
Liver 0.821 0.140 ().428 ().070 
0.946 0.161 0.867 0.1385 
0.586 0.092 0).642 0.083 
ERIN sore ie oon Ss se gs bees 0.785 0.131 0.646 0.096 

Urine 10.656 3.477 

4.912 15.963 

3.693 2.913 

NS iii a vb ate vcd aha ahaa 6.420 7.451 


* The concentration is expressed as the number of counts per mg. of organ weight 
over the injected number of counts per mg. of body weight. 


In the males, the testes showed an average concentration of radioactivity 
of 0.030 and the seminal vesicles, 0.139; the latter value varied as the weight 
of the glands and presumably was dependent on the amount of secretion 
present. The prostate showed an average concentration of 0.152, but since 
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TABLE IV 
| | Influence of Pregnancy and Lactation on Radioiodo-ca-estradiol Uptake of Mammary 
Gland, Liver, and Fat 
Normal controls Pregnant Lactating 
Organ | Per cent | Percent | Pereet. |<. 
| ee Cc — aie Concer - b gh “once 
| of isieetet — of ry arigen — of injected ; — 
Liver | 1.029 | 0.102 | 1.309 | 0.234 1.145 0.280 
| 0.991 ; 0.184 | 1.3867 | 0.212 1.629 0.204 
0.687 0.184 | 1.369 0.158 1.146 0.123 
0.704 | 0.100 | 1.988 | 0.255 | 1.385 | 0.135 
1.221 | 0.155 1.855 | 0.242 | 0.615 0.084 
0.773 | 0.120 1.755 | 0.234 | 0.889 | 0.113 
eee eS . | 
ee 0.901 | 0.133 | 1.607 | 0.223 | 1.135 | 0.148 
Mammary gland 0.106 | 0.210 | 0.258 0.210 | 0.032 | 0.082 
0.106 0.083 | 0.373 0.190 0.380 | 0.162 
| 0.087 | 0.078 | 0.440 | 0.205 0.535 | 0.182 
0.074 | 0.059 | 0.474 0.301 1.130 | 0.303 
0.126 | 0.166 | 0.304 0.279 0.052 | 0.046 
0.089 | 0.093 2.409 1.682 0.069 | 0.036 
| eens 
heverage. ..........-.. 0.098 | 0.115 | 0.710 | 0.478 | 0.366 | 0.119 
DRGDEETS, SEMEN SUTIN, Pee ee: 
Fat 1, interscapular | | 0.049 | 0.087 0.054 
0.044 | 0.064 0.088 
0.036 | 0.076 0.084 
0.033 | 0.117 0.055 
| 0.042 | 0.039 | | <0.023 
| 0.050 | | 0.303 | <0.055 
| pet el _ 8 : 
— ae ' | | 
ee | 0.042 | 0.114 | <0.060 
Fat 2, periuterine 0.211 | 0.216 <0.036 
0.035 0.130 0.044 
0.046 0.049 <0.093 
0.016 0.099 <0.060 
0.044 0.097 | <0.054 
0.043 | 0.066 — <0.038 
‘ight NS sivas co Kaha 0.066 — 0.110 <0.054 
All Geiger-Miiller counts below 10 (10 counts being approximately 3 times the 
vity standard error of the background) were made equal to 10 and after the proper calcu- 


lations are preceded by <. 
* The concentration is expressed as the number of counts per mg. of organ weight 
over the injected number of counts per mg. of body weight. 
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part of the urethra was included in the prostatic mass, the samples may have 
been contaminated with urine. 

Because of the high concentration of radioactivity found in mammary 
glands, it was decided to investigate the ability of these glands to collect the 
radioactivity under various physiological conditions. 1.8 y of crude radio- 
iodo-a-estradiol were administered subcutaneously into the left thigh of 
each of eighteen hybrid female albino mice which had been divided into 
three groups. The first group consisted of normal controls weighing 20 
to 23 gm., the second, of pregnant mice weighing 31 to 33 gm., and the 
third of lactating mice weighing 28 to 30 gm. All animals were sacrificed 
10 to 12 hours after the injection. The mammary glands of each animal 
were digested together, with the exception of the inguinal gland adjacent 
to the injection site. The discarded gland comprised less than one-fourth 
of the total mammary tissue. 

Pregnancy produced a definite increase in the ability of liver, fat, and 
especially mammary glands to collect the administered radioactive material 
(Table IV). The mammary glands of pregnant animals showed at least a 
2-fold increase in concentration over that found in the normal controls, even 
after the high figure of 1.682 was eliminated. Lactation, on the other hand, 
tended to depress the concentration of radioactivity found in liver, mam- 
mary glands, and fat to the control level. 

In the pregnant females, the uterine contents showed a moderate amount 
of radioactivity with an average concentration of 0.101 in the placentas 
and 0.090 in the fetuses. 

Fractionation of Organs—lIn order to obtain information on the nature of 
the radioactive material present in tissues and excreta, the alkaline digests 
were neutralized with 50 per cent hydrochloric acid, acidified with a further 
10 volumes per cent excess of concentrated hydrochloric acid, and hydro- 
lyzed by boiling for 10 minutes (22-24). After cooling, the material was 
extracted three times with 10 cc. portions of freshly distilled ether. The 
combined ether extracts were washed with two 10 cc. portions of water, 
evaporated to dryness, and dissolved in 2 cc. of NaOH for counting as 
above. The aqueous phase was made alkaline with NaOH and an aliquot 
counted similarly. In a number of cases, the acidified digest was frac- 
tionated without hydrolysis (Table V). 

Fractionation of the material prepared for injection revealed that on the 
average 93 per cent of the radioactivity was extractable with ether (Table 
V, Column 2). Acid hydrolysis, on the other hand, caused some cleavage 
of iodine which appeared in the water-soluble fraction (Table V, Column 1). 
An alkaline digest of any tissue with the possible exception of the stomach, 
when added to the sample of radioiodo-a-estradiol, prevented its destruc- 
tion by hydrolysis (Table V, Column 1). 
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TABLE V 
Percentage of Radioiodo-a-estradiol of Organs and Excreta Present 
in Ether-Soluble Fraction 





uve 
: Non- : Non- 

ry | Motiapsicetasi® | eet | (Gy | Omengeesnie westedwith| "ea | Sys 
ths ete (1) @ | (3) (4) 
lio- Sample of radioiodo-a- 77 92 Stomach and contents 21 19 
. of estradiol as prepared | 53 88 11 14 
nto | for injection | 71 7 48 | 44 
90 | 80 95 | 39 32 
bs } Same + stomach and | 90 9% 47 41 
the | contents 76 87 | Duodenum and con- 85 82 
ced | 65 91 | tents 67 64 
mal Same + duodenum and 82 84 | 54 56 
ent | contents 75 57 
83 70 
rth | Same + jejunoileum 94 95 | Jejunoileum and con- 81 74 
and contents | tents 78 70 
and | | 76 70 
rial | 71 70 
St a 64 61 
ven | . ™ 
Same + colon-cecum 91 92 Colon-cecum and con- 71 57 
and, and contents | tents 75 «6| ~~ O76 
am- 62 | 65 
ae 
ount | 46 43 
ntas ” : a Ge « 
Same + feces 87 82 | Feces 67 | 69 
82 84 50 «50 
re of 81 81 64 | 65 
Zests | 57 |) =660 
‘ther | a | 
she “4 liver 87 94 | Liver 61 | 51 
_— 97 89 64 | 47 
The 83 86 68 | 63 
ater, 64 62 
1g as 53 55 
quot ’ ad Ed 
a “+ mammary 82 86 Mammary glands 64 | 54 
irac- glands 62 52 
Same + fat 86 87 Fat 43 | 39 
n the 55 | 654 
lable Urine 39 37 
wage 44 31 
in 1). = 
nach, 61 47 
struc- 53 | 38 
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Fractionation of the organs from the experimental animals (Table V, 
Columns 3 and 4) revealed that about two-thirds of the radioactivity in the 
stomach was present in an ether-insoluble form. ‘The other organs con- 
tained at least half of their activity in an ether-soluble form. Hydrolysis 
slightly increased the activity in the ether fraction in the case of the duo- 
denum and contents, jejunoileum and contents, liver, urine, and mammary 
glands, while the activity in the colon-cecum and contents and in feces ap- 
peared to be unaffected by hydrolysis. The changes, however, were not 
statistically significant. Ether extraction without hydrolysis revealed that 
58 per cent of the radioactivity in the seminal vesicles and 18 per cent of 
the radioactivity of a fetus were in an ether-soluble form. 

Metabolism of Iodo-a-estradiol—The role of liver and gastrointestinal 
tract in the metabolism of the iodinated a-estradiol was examined after 
ligation of the common bile duct in four A strain female mice weighing 24 
to 30 gm., while a sham operation was performed in four similar controls. 
Each animal received a subcutaneous injection of 3.5 y of radioiodo-a- 
estradiol. 

Following the ligation of the common bile duct (Table VI), there was an 
increase in the radioactivity of the liver, plasma, and urine, a marked 
diminution of the activity in the jejunoileum and contents, and in the colon- 
cecum and contents, and no activity in feces. Furthermore, fractionation 
of the urine after hydrolysis revealed an increase of 30 per cent in the radio- 
activity of the ether fraction after bile exclusion. 

In order to determine whether the radioiodo-a-estradiol would be ab- 
sorbed from the gastrointestinal tract, 7 y were injected directly into the 
stomach of four A strain female mice weighing 20 to 25 gm. ‘The results 
(Table VII) showed that absorption of the material from the gastrointesti- 
nal tract could take place, since blood plasma, thyroid, liver, uterus, sub- 
maxillary gland, mammary glands, and urine showed an amount of activity 
comparable to that found after subcutaneous injection (Table II). Some 
of the material was still bound in organic combination, since the ether 
fraction of the liver contained 19 per cent of the radioactivity present in 
this organ. These values were, however, lower than in normal animals 
(Table V). 

A preliminary attempt was made to determine, with the help of biological 
assays, whether the intestinal excretion of pure a-estradiol is similar to that 
of its iodinated prototype. Ten female A mice received 100 y of a-estradiol 
each by subcutaneous injection and were sacrificed 10 hours later. Three 
bioassays were carried out, first with jejunoileum and contents, second with 
the colon-cecum and contents, and third with the feces of the ten animals. 
The material was digested in 2 N NaOH, acidified, extracted five times 
with ether washed with a 5 per cent solution of NaHCO; and then with 
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water, taken to dryness, and finally dissolved in corn oil. Five spayed 
female rats were used for each sample tested. Each animal was given 6 per 
cent of the total extract. Negative results were obtained with the jejuno- 


TaBLe V1 
Distribution of Iodo-a-estradiol after Common Bile Duct Ligation 


The figures show the radioiodine content of organs and excreta expressed as per- 
centage of the injected dose. 


Duo- (Jejunum,) Colon, | 
denum ileum, | cecum, 
and and and 
contents contents contents 


| Stomach 
Blood aad 
contents 


i wo me 
~~ e 
plasma Feces Liver Urine 


11 1.09 | 7.45 8.21 | 18.67 | 0.89 





Controls, sham opera- 0.26 2. | 1.93 
tion 0.21 2.60 0.95 5.23 5.68 26.19 0.82/ 11.44 
1.38 | 3.45 | 1.09 7.16 | 11.39 | 34.60 | 0.99| 3.24 

0.54 2.68 0.97 | 12.62 16.73 | 14.95 | 1.38 | 15.51 

Average .... 0,60 2.71 1.03 | 8.12 10.50 23.60 1.02} 8.03 
Bile duct ligated 0.94 5.82) 0.45 2.44 0.47) 0.02| 4.91 | 30.74 
0.94 1.25) 0.13) 1.95 0.34 0.00) 1.30 | 12.92 

1.52 1.42, 0.79 2.38 0.60) 0.01 2.87 | 25.62 

1.05 0.22 4.51 1.92 0.75 0.00 1.29 | 36.01 

Average........... 1.11) 2.05 1.47, 2.17) 0.54 0.01! 2.59 | 26.32 








TaBLE VII 
Distribution of Iodo-a-estradiol after Its Intragastric Instillation 


The figures show the radioiodine content of organs and excreta as percentage of 
the injected dose. 
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8 |g&|s8)s8/3a/ 8 | = is=;e;/e@)/s |e" 
a |e | A =, 0 d & | | a) | =) o ~ bal 
0.28| 1.19, 0.51) 1.34] 2.71] 7.62, 0.39] 0.10, 8.20| 1.30, 0.01) 0.06 
0.89 30.97] 0.58, 9.88/11.51 0.47, 0.1012.33) 1.79) 0.04) 0.08 
0.15| 1.93] 0.13} 1.98| 4.94116.24) 0.35) 0.05] 1.26) 2.23] 0.01| 0.09 
0.44) 3.92, 0.14] 4.48) 4.35/14.95) 0.52) 0.28|24.53] 1.53] 0.03) 0.09 
a Eee ia — ———_ 
Average..... 0.44) 9.50) 0.34) 4.42) 5.88]12.94] 0. 48 0. 1311. 58) 1.71| 0.02| 0.08 





ileum and colon-cecum, while the feces gave a 100 per cent response. How- 
ever, another group of five rats given 1.2 per cent of the feces samples 
showed uniformly negative results. The amount excreted expressed as 
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a-estradiol was calculated to be between 2.5 and 12.5 7; that is to say, be- 
tween 0.25 and 1.25 per cent of the injected dose. 
DISCUSSION 

The results of the isotope dilution (Table I) indicated that the crude 
radioactive injection material consisted of monoiodo-a-estradiol and diiodo- 
a-estradiol, with some residual a-estradiol. This material was found to be 
partitioned between ether, 10 per cent sodium carbonate solution, and | x 
sodium hydroxide in the same way as a-estradiol. Therefore, iodination of 
a-estradiol resulted in the fixation of 1 or 2 atoms of iodine in the molecule 
without affecting its phenolic nature. The identification of 2 ,4-dibromo-a- 
estradiol after the action of N-bromoacetamide on estradiol (19) makes it 
reasonably certain that the diiodo derivative obtained by the action of 
either N-iodoacetamide or I, on a-estradiol also had the halogen in the 2,4 
positions. 

As far as can be judged from the scanty information available in the 
literature, the metabolism of iodinated a-estradiol was, with the exception 
of the large fecal excretion, similar to that of natural estrogens, but different 
from that of artificial ones. Thus the resorption of the iodo-a-estradiols 
from the site of injection must have been quite rapid, since little or no 
activity remained there at 10 to 12 hours after the injection, except in the 
case of Animal e whose metabolism had apparently been slowed by an 
advanced mammary tumor and in the two animals (Animals g and h) in 
whose case a detergent was added to the injection material (Table II). 
Reports from the literature indicated that the natural estrogens, estrone 
and a-estradiol, but not their esters or artificial estrogens, were rapidly 
resorbed after subcutaneous injection (15, 16). Similarly, the small 
amount of radioactivity found in the blood suggested a quick turnover of 
the iodinated a-estradiol, comparable to that noted with natural estrogens 
(5-8, 24) but unlike that of the artificial estrogens (16, 17). 

The withdrawal of the material from the blood was effected by three 
different routes; namely, the liver, the gastrointestinal tract, and the kidney. 
The considerable amount of radioactivity in the lumen of the digestive tube 
and in the feces arose from the secretion by way of the bile and the gastro- 
intestinal tract itself. The bile was the main source, contributing 90 per 
cent of the radioactivity found in the digestive tract. This was demon- 
strated in the bile duct-ligated animals (Table VI) in which only 6.24 per 
cent of the radioactivity was found in gastrointestinal tract and feces, as 
compared with 45.96 per cent in the normal animals. A recent report on 
equilin brominated with radiobromine showed that it behaved like the 
iodinated a-estradiol, since 35 per cent of the injected dose was found in the 
intestinal contents 6 hours after injection (25). Similarly, in the case of 
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natural estrogens, a large proportion of an injected dose is excreted in the 
bile (12-14). Preliminary data on ether extraction of the bile showed no 
increase of the ether-soluble radioactivity after acid hydrolysis, thus sug- 
gesting that the labeled material in the bile was not conjugated, in con- 
firmation of previous work with natural estrogens (26). On the other hand, 
the liver, through which large amounts of the labeled compound must have 
passed before being excreted into the bile, showed only a moderate con- 
centration (Table II), as is the case with natural estrogens (5, 6), while in 
contrast the liver content was found to be very high after administration of 
artificial estrogens (11, 17). 

The large amounts of labeled material found in gastrointestinal content 
and feces did not give a true figure of the biliary and gastrointestinal secre- 
tion, since appreciable resorption from the digestive tube must take place. 
This was shown by the entry of radioactivity into the organs after the 
intragastric administration of radioiodo-a-estradiol (Table VII). It may 
be concluded that there is an interplay of elimination into and resorption 
from the intestinal lumen. 

The excretion of estrogenic material in the feces has been observed under 
physiological conditions (27-29), especially in pregnancy (28, 30, 31), and 
also after the administration of estrogens (11, 27, 28, 32). However, the 
amount recovered was rather small. In our experiments with pure a- 
estradiol, between 0.25 and 1.25 per cent of the injected dose was recovered, 
by bioassay of the feces, 10 hours after injection. In contrast, about 30 
per cent of the injected iodo-a-estradiol was present in feces, of which more 
than half was in an ether-soluble form. The difference between the fecal 
recoveries may indicate a difference in behavior of the iodo-a-estradiol and 
natural estrogens. More likely, however, estrogen catabolites were also 
excreted in large amounts in the feces, but in a biologically inactive form. 
In this regard, 30 per cent of the radioactivity in the feces was found to 
be partitioned with the acids and 25 per cent with the phenols. 

The third path for the elimination of radioactivity from the blood was 
via the urinary system, since 3.5 to 24.8 per cent of the injected radioac- 
tivity was found in the urine, a third of which was in ether-soluble form. 
Similar values, following the administration of natural estrogens, had been 
previously reported by many investigators (3-7, 11, 12, 16, 23, 27-29, 32). 

Despite the wide-spread distribution of radioactivity following the ad- 
ministration of radioiodo-a-estradiol (Table II), it was found that, aside 
from bile, gastrointestinal tract, and thyroid, only very few organs actually 
fixed radioactivity in excess of what would be expected from a purely 
random distribution (the concentration was calculated in such way that a 
value of 1 represented such a distribution). Thus, organs having a con- 
centration of radioiodine above 1, namely mammary glands, skin, sub- 





264 METABOLISM OF IODO-a@-ESTRADIOL 


maxillary glands, liver, and fat, were assumed to have concentrated the 
injected material, while those showing a figure below | were taken as show 
ing no preferential distribution (Table II). 

On the whole, the mammary glands showed a higher concentration of 
radioactivity than any other parenchymatous organ. ‘This uptake was 
mostly due to mammary tissue proper and not surrounding fat, since the 
latter showed a lower concentration of radioactivity (Table TV). 

On the other hand, other estrogen end-organs, namely uterus, cervix, and 
vagina, showed an unexpectedly low concentration of radioactivity. How- 
ever, the concentration of radioactivity found in the vagina was in keeping 
with the minute doses of estrogen required to produce a local effect (33, 34). 

Mammary cancers showed a lower concentration of radioactivity than 
the healthy mammary gland. It was further noted that the non-cancerous 
mammary tissue of the cancer-bearing animals was more active than the 
normal in fixing the radioactive material in two out of three animals bearing 
tumors. 

In most organs over one-half of the radioactivity was present in an ether- 
soluble form. Furthermore, a 10 minute acid hydrolysis (35, 22, 23) 
slightly increased the yield of ether-soluble compounds in mammary glands, 
liver, duodenum and contents, jejunoileum and contents, and urine (Table 
V), possibly indicating that a small amount of conjugated material was 
present. 

Since only a small fraction, if any, of the radioactivity in the aqueous 
fraction was conjugated, the remaining radioiodine was in the form of iodide 
or simple organic iodo compound released from the labeled steroid. The 
former possibility is supported by the presence of some radioactivity in 
the thyroid (Table I1), since so far no iodine compound other than iodide 
has been shown to enter this gland (36). The presence of iodide in this 
gland, therefore, implies a breakdown of the labeled steroid. One of the 
possible sites of this breakdown is the gastrointestinal tract, since there 
was @ greater increase in iodide concentration in the thyroid when the 
labeled estradiol was given by the intragastric route (Table VII). 

If one bears in mind that the method for separation gives results that are 
about 19 per cent too low, it may be calculated from the over-all average 
of the available figures (Table V) that 32 per cent of the iodo-a-estradiol 
has been broken down to a water-soluble iodine compound within 10 hours 
after administration. 


SUMMARY 


1. a-Estradiol was iodinated with radioiodine under conditions such that 
about half the iodine was substituted as mono- and half as diiodo-a-estradiol 
(Table 1). By the vaginal smear test these iodinated compounds proved 
to be physiologically inert at the dose level of 100 y. Such iodo-a-estradiol 
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was administered subcutaneously to mice in doses varying from 1.7 to 
18.07. Some animals were treated with pure diiodo-a-estradiol in doses of 
0.5 or 2.0 mg. After 10 to 12 hours the distribution and excretion of the 
radioactivity were examined in about forty organs and tissues (Table II). 
Ether extraction of organs and excreta was carried out to determine the 
state of the recovered radioactivity (Table V). 

2. The outstanding feature of the metabolism of the iodinated a-estradiol 
in both male and female mice is the accumulation of labeled material in 
the gastrointestinal tract (Tables II and ITI), entry into which is predomi- 
nantly via the liver and bile (Table V). A large fraction of the material is 
excreted in the feces. Some, however, must have been resorbed from the 
intestinal lumen, since intragastric instillation of the iodinated steroids 
leads to accumulation of radioactivity in many organs and in the urine 


(Table VI). 


3. The highest concentration of radioactivity is usually found in the 
mammary glands. In pregnancy, the accumulation is markedly increased, 
while a return to normal levels occurs during lactation (Table TV). The 
uptake in mammary tumors is less than that of normal mammary tissue. 

4. The other accessory sex organs, uterus, cervix, and vagina, fix only 
small amounts of radioactivity. Much greater deposition is observed in 
the skin, especially in the derma (Fig. 1). 

5. Acid hydrolysis indicates that only a small part, if any, of the radio- 
activity is combined in a conjugated form in the small intestine, liver, mam- 
mary glands, and urine, but not in feces (Table V). 

6. A survey of the literature reveals that unesterified estrone and a- 
estradiol (but not the artificial estrogens) show rapid resorption from the 
site of injection, swift departure from the blood plasma, entry into red blood 
cells, marked excretion in the bile, and moderate excretion in the urine, 
mainly in a conjugated form. The same results were obtained with iodi- 
nated a-estradiol in the present work. However, the large fecal excretion 
found with the labeled material has not been observed with natural estro- 
gens by bioassay, probably because their fecal metabolites are biologi- 
cally inactive. 


This work was supported by grants from the Donner Foundation, the 
National Research Councils (Ottawa and Washington), and the Blanche 
Hutchison Fund of McGill University. The technical help of Miss J. 
Cambron is acknowledged. 
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The present paper deals with the conversion of sucrose to an amylopec- 
tin- or glycogen-like polysaccharide by means of a cell-free bacterial 
enzyme system obtained from Neisseria perflava, a Gram-negative coccus 
that occurs in the throats of healthy people. This reaction is of interest, 
not only because of its possible bearing on the well known interrelationship 
between sucrose and starch in the plant world, but also because of its 
apparent freedom from mediation by glucose-1-phosphate, which is com- 
monly believed to be the essential substrate for the synthesis of all members 
of the starch-glycogen class. 

We have already reported (1, 2) that cultures and resting cell suspensions 
of Nezsseria perflava convert sucrose into a polysaccharide with the chemical 
properties of amylopectin; large amounts are formed from sucrose, smaller 
amounts from glucose-l-phosphate, but none at all from other common 
sugars. The enzyme system responsible for the conversion of sucrose to 
polysaccharide is, in addition, obtainable in cell-free form (2). The pres- 
ent paper gives a method for obtaining the enzyme solutions from the 
bacterial cultures, and deals with the action of these enzyme solutions on 
sucrose and on glucose-1-phosphate and with the chemical properties of the 
products of their action on sucrose. 


EXPERIMENTAL 
Preparation of Enzyme Solutions 


Strain 19-34 of Neisseria perflava, known to produce large amounts of 
amylopectin-like material from sucrose, was cultivated in broth comprising 
0.1 per cent Bacto-peptone, 0.15 per cent sodium citrate, 0.02 per cent 
yeast extract, 0.06 per cent KH2PO,, 0.15 per cent Na,HPO,, and 0.05 per 
cent glucose. Flasks containing 800 ml. of the medium were inoculated 
with 10 ml. of a 1 day culture grown in the same medium, and incubated 


* Aided by a grant from the Sugar Research Foundation, Inc. 
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at 37° for 5 days. In order to precipitate the enzymes, each flask of culture 
was treated with 300 gm. of ammonium sulfate and the mixture centrifuged 
in the cold for 1 hour at 1500 r.p.m. The sediments, which contained 
the bacterial cells as well as the enzymes, were separated from the super- 
natant fluids, drained, and further freed from phosphates and other soluble 
constituents of the culture medium by washing in half saturated ammonium 
sulfate solution that had been adjusted to pH 6.4 with ammonia. The 
washed precipitates were extracted with 0.025 m maleate buffer (pH 6.4) 
by using 15 ml. of buffer for each 800 ml. of original culture, and the ex- 
tracts were clarified in a 14 inch angle-head centrifuge at 2500 k.p.m. for 2 
hours. The final solutions were entirely free of bacterial cells and cell frag- 
ments; and, from the many control tests made on the incubated enzyme- 
substrate mixtures, we are certain that all the reactions observed in the 
present paper occurred in the complete absence of bacteria. 


Action of Neisseria Enzymes on Sucrose and on Glucose-1-phosphate 


Material and Methods—Mixtures of enzyme plus sucrose or glucose-1- 
phosphate buffered at pH 6.4 were used throughout. The sucrose was a 
selected sample of beet sugar essentially free of the traces of dextran, 
amylopectin, and other alcohol-precipitable material present in many lots 
of reagent and commercial sucrose (3, 4). The glucose-l-phosphate was 
the dipotassium salt prepared from an enzymatic digest of potato starch 
by the method of McCready and Hassid (5); though recrystallized, it 
contained a trace of accompanying starch. 

The enzyme-substrate mixtures were examined for opalescence, turbidity 
on addition of 2.0 volumes of alcohol, kind and intensity of color with 
iodine, and contents of free reducing sugar, polysaccharide, inorganic 
phosphorus, and total acid-soluble phosphorus. For determining the 
intensity of color with iodine, 0.1 ml. of 1 per cent iodine and 2 per cent 
potassium iodide was added to 5.0 ml. of a 1:10 dilution of the enzyme- 
substrate mixture and measurements were made with a Klett-Summerson 
photoelectric colorimeter with green Filter 54 (spectral range 500 to 570 
my); the zero point was the iodine-iodide reagent blank. Free reducing 
sugar contents of the mixtures were determined by the Hagedorn and Jen- 
sen (6) method and are expressed as mM of fructose! per liter. For the 
polysaccharide determinations, 2.0 ml. of the enzyme-substrate mixture 
were placed in a large test-tube and treated with 8.0 ml. of 0.6 mM acetate 
buffer (pH 5.0) and 20.0 ml. of alcohol. (Adjustment to pH 5.0 was essen- 
tial in order to prevent precipitation of glucose-1-phosphate from systems 
containing that sugar.) After storage overnight at 4°, the mixture was 
centrifuged; 2.0 ml. of 1.0 nN HCl were added to the precipitate, and the 

1 Evidence that the free reducing sugar is fructose and that the aleohol-precipitable 
material is a polyglucoside will be presented later in the paper. 
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tube fitted with an air condenser and immersed in boiling water for 2.5 
hours. Reducing sugars were determined on the neutralized hydrolysate 
by the Hagedorn and Jensen (6) method and calculated as mm of glucose! 
per liter. The contents of inorganic phosphorus and of total acid-soluble 
phosphorus after mineralization with sulfuric and nitric acids were de- 
termined by the Fiske and Subbarow (7) procedure. All figures given for 
the production of polysaccharide, free reducing sugar, or inorganic phos- 
phorus represent the difference between the contents determined before 
and after incubation of the enzyme-substrate mixtures. 

Over-All Action upon Sucrose—A representative experiment showing the 
action of the Nezsserta enzymes upon sucrose is shown in Table I. Equal 


TABLE | 


Changes Produced by Action of Neisseria Enzymes upon Sucrose 


| oS | 
ae eto’ | Opalescence | ‘eee | of eur with why oe | shee ay 

hrs. mM | mM 

0 | + | + | ee 0.04 0.04 
3 | + | + 27 1.1 1.0 

6 | ie] +4 | 58 2.0 2.2 
12 } +++ | +4. | 4200 1.2 4.2 
24 | +++ | +++ | 173 7.8 7.8 
48 | +a | Sopa ee 13.8 14.0 
%@ | ++++ | +444 | 370 24.1 25.6 


) \ 


* Since the initial concentration of the sucrose substrate was 100 mm, the values 
correspond to the per cent conversion of sucrose to polysaccharide and fructose. 

+ The unincubated mixture contained 0.3 mM of reducing sugar and 0.6 mm of 
polysaccharide, calculated as hexose; the nature of the reducing substance and 
polysaccharide is unknown. 


volumes (250 ml.) of enzyme solution and of 0.2 M sucrose in 0.025 mM 
maleate buffer, pH 6.4, were mixed and maintained at 10°. At regular 
intervals, small samples were removed and examined for opalescence, 
precipitation with alcohol, color with iodine, and contents of polysac- 
charide and free reducing sugar. 

Beginning with the first observations at 3 hours, there was an orderly 
increase in opalescence, in amount of alcohol-precipitable material, and in 
amounts of polysaccharide and of free reducing sugar. At each period 
there was excellent agreement between the quantity of polysaccharide and 
of free reducing sugar that had been produced, indicating that the over-all 
equation for the action of the Neisseria enzymes upon sucrose, as pre- 
viously suggested (1, 2), is: 

NC 2H 2x0 (CoH 1005) n + NCH i20¢ 
Sucrose Polyglucoside Fructose 
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The enzyme-sucrose mixture also showed an increasingly intense maroon 
coloration on treatment with iodine. However, it was noted that after the 
ist day the increase in intensity of the color with iodine did not keep pace 
with the increases in polysaccharide and reducing sugar contents. This 
phenomenon, which probably is the result of alteration of the newly formed 
polysaccharide by some enzyme present in the Neisseria extracts, is being 
further investigated.” 

Influence of High Concentrations of Phosphate—Although entirely non- 
reactive with glucose, glucose plus fructose, or other common sugars, the 
enzyme preparations, as previously found for the living bacteria, syn- 
thesized polysaccharide from glucose-1-phosphate. In the case of whole 
bacterial cells, the synthesis from glucose-1-phosphate was suppressed by 
addition of high concentrations of inorganic phosphate which did not 
inhibit the synthesis from sucrose (1, 2). A similar experiment was made 
with the cell-free enzyme system. 

Four enzyme-substrate mixtures were prepared: 5.0 ml. of enzyme solu- 
tion were added to 5.0 ml. of (1) 40 mM sucrose in 320 mm maleate buffer, 
(2) 40 mm glucose-l-phosphate in 320 mm maleate buffer, (3) 40 mm 
sucrose in 320 mm phosphate buffer, and (4) 40 mM glucose-1-phosphate in 
320 mo phosphate buffer. The mixtures were held at 10° for 24 hours and 
then analyzed. The results are given in Table II. 

In the systems buffered with maleate, polysaccharide was formed from 
glucose-1-phosphate as well as from sucrose, but in the case of the synthesis 
from sucrose the low content of total P and the absence of any change in the 
inorganic phosphate make it unlikely that glucose-1-phosphate served as 
an intermediate substance in that reaction. More conclusive evidence is 
presented by the data from the systems buffered with phosphate. In 
these systems, which contained 8 moles of phosphate to 1 of substrate, the 
synthesis from glucose-1-phosphate was entirely suppressed, whereas the 
synthesis from sucrose was not inhibited at all. That the inhibition ob- 
served in the glucose-1-phosphate system was not due to any loss of the 
substrate or to any inactivation of the enzyme was proved by supple- 


2 It is unlikely that the alteration was due to hydrolysis by an a- or B-amylase, since 
the reducing sugar liberated in the enzyme-sucrose mixture did not exceed the amount 
expected from a sucrose condensation reaction; nor did it contain any appreciable 
amount of aldose, e.g. maltose. It also is unlikely that phosphorolysis was involved, 
since the mixture did not contain any appreciable amount of free inorganic phosphate. 
The change in character of the polysaccharide product may have been due to some 
enzyme like the cross-linking enzymes in liver (8) and in potatoes (9) reported to bring 
about the synthesis of glycogen and of:amylopectin, or, perhaps, to adsorption of 
some fatty acid. The former explanation seems more likely, since Neisseria extracts 
convert crystalline corn amylose into a glycogen-like polysaccharide without the 
release of reducing sugars, but fail to do so if heated. 
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mentary tests: at the end of the experiment, when solid sucrose was added 
to one portion, polysaccharide synthesis occurred at a rate equal to that 
in the maleate-buffered system, and chemical analyses on another portion 
showed that glucose-1-phosphate was present in its original concentration. 

Influence of Heat and Gas Treatment—The data from the following exper- 
iment show that the enzyme solutions prepared from Neisseria contain two 
systems: an amylosucrase, active preferentially if not solely upon sucrose, 
and a phosphorylase, active upon glucose-1-phosphate but not upon sucrose. 

A sample of enzyme solution was divided into three parts. The first was 
untreated, the second was heated at 45° for 10 minutes (pH 6.4), while 
the third, after adjustment to pH 5.9 with 1.0 N HCl, was exposed in a thin 
film to pure CO, gas for 5 minutes at 15° and atmospheric pressure, and 


TABLE II 


Action of Neisseria Enzymes on Sucrose and on Glucose-1-phosphate in Absence 
and in Presence of High Concentrations of Inorganic Phosphate 


e Poly- > Inorganic 
Sugar substrate, 20 mu —_ A ee snocharide Bb cer ce phosphorus 
™M mM mM 
PURNONGS 2. cic Scat asut Maleate +p tt ce 8.3 0.00* 
Glucose-1-phosphate. .. 3.1 0.0 3.5 
BUOTORG 55.6 0 ok .... Phosphate +++ te 11.5 
Glucose-1-phosphate. . . ns 0 0.0 0.0 T 


* This mixture contained 0.10 mM of inorganic phosphorus and 0.20 mm of total 
acid-soluble phosphorus both before and after incubation. 


+t The glucose-l1-phosphate content of this mixture, measured both before and 
after incubation by the method of Hassid and McCready (5), showed no change. 


then readjusted to pH 6.4 with 1.0 N NaOH. The three enzyme solutions 
were tested for activity in mixtures containing final concentrations of 20 
mM of sucrose and of glucose-1-phosphate in maleate buffer. 

It is apparent (Table III) that heat treatment sufficient to cause almost 
complete loss of the capacity of the original enzyme solution to convert 
sucrose to polysaccharide and fructose resulted in only slight impairment 
of the capacity to convert glucose-1-phosphate to polysaccharide and free 
phosphate, whereas gas treatment? sufficient to cause over 90 per cent loss of 
activity for glucose-l1-phosphate brought about loss of only about half of 
the activity toward sucrose. 


’ The inactivation produced by CO: in this experiment has been duplicated in other 
experiments with air, Oo, or H, gas. The pH is apparently an important factor, since 
the inactivation which occurs in enzyme solutions adjusted to pH 5.9 did not occur 
in solutions at pH 6.4. 
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Analysis of Products Formed from Sucrose by Neisseria Enzymes—The 
starting material consisted of 440 ml. of the enzyme-sucrose mixture which 
had been incubated at 10° for 4 days in the experiment in Table I. ‘The 
mixture was first partially deproteinized by shaking with chloroform and 
removing the chloroform emulsion layer. ‘The fluid then was treated with 
22 gm. of crystalline sodium acetate and 1.5 volumes of alcohol and was 
centrifuged after storage overnight at 4°. The precipitate was used for 
experiments on the nature of the polysaccharide, while the alcoholic superna- 
tant fluid was used for experiments on the nature of the free reducing 
sugar. 

Identification of Free Reducing Sugar—The alcoholic supernatant fluid 
was evaporated in vacuo at a temperature below 40°, and the dry residue 
dissolved in water. Analyses for reducing capacity (7) before and after 
oxidation with iodine (10) showed that all of the reducing sugar was ketose 


TaB_e III 
Effect of Heat and of Gas Treatment upon Activity of Enzyme Solutions for Sucrose 
and for Glucose-1-phosphate 


| Sucrose Glucose-1-phosphate 
Treatment of enzyme solution 

| Polysaccharide Fructose Polysaccharide Bes, a 

| jhosphorus 

mM mM mM mv 
Untreated 5.5 5.8 6.1 7.0 

ro ° | - » 

Heated at 45°, 10 min. 0.1 0.1 5.1 6.1 
Gas-treated | 2.3 2.6 0.6 0.6 


sugar; aldose was not detected. Proof that the ketose sugar was fructose 
was obtained by treatment of another portion of the solution with a- 
methylphenylhydrazine sulfate, according to the method of Neuberg and 
Mandl (11) (the a-methylphenylhydrazine sulfate was kindly supplied by 
Dr. Neuberg). Well formed, needle-shaped crystals of fructose methy!- 
phenylosazone, identical in appearance with those prepared from a sample 
of fructose, were isolated. The yield of osazone (113 mg. after recrystal- 
lization from ethy] acetate), obtained by treatment of a solution containing 
92 mg. of reducing sugar, was approximately that expected from a similar 
amount of pure fructose (cf. (11)). 

Isolation and Analysis of Polysaccharide—The alcohol-precipitated ma- 
terial from the enzyme-substrate mixture was extracted with 5 per cent 
sodium acetate solution, insoluble material was removed by centrifuga- 
tion, and the solutions treated with 1.5 volumes of alcohol to precipitate 
the polysaccharide. Solution of the polysaccharide and _ precipitation 
with alcohol were repeated twice; the last precipitation was from a solution 
in distilled water at room temperature in order to insure a minimal ash 
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content. The final precipitate was ground under absolute alcohol and 
dried in vacuo at 25° over CaCh. The yield was 1.58 gm. (moisture-free 
basis), which represented 92 per cent of the polysaccharide present in the 
starting material. 

The isolated product was a white amorphous powder, with an ash content 
(as NasSO,) of 1.2 per cent, micro-Kjeldahl nitrogen (12) 0.45 per cent, 
phosphorus (7) 0.03 per cent, and a reducing power (13) of less than 0.2 
per cent that of glucose. Calculated on an ash- and moisture-free basis, 
the optical rotation was [a] 5303 = +175° (c = 0.3 in 0.5 n NaOH); after 
boiling for 2.5 hours in 1.0 N HCI, with correction for the entry of water, 
the hydrolysate had [a} ss3 = +49.3° (c = 0.5) and 91 per cent reducing 
sugar, as glucose. Abundant glucose phenylosazone (m.p. 205°, uncor- 
rected) was obtained from the hydrolysate; fructose, if present at all, 
amounted to less than 1 per cent of the sugar, according to determinations 
made by the Roe procedure (14); Bial’s test for pentoses was negative. 

The presence of maltosidie linkages in the enzymatically synthesized 
polysaccharide was established by the isolation of maltose. A 382 mg. 
sample of ash- and moisture-free polysaccharide in 7 ml. of water was 
treated with 10 mg. of B-amylase prepared from wheat flour (15) and suf- 
ficient dilute H,SO, to bring the pH to 4.8; after 16 hours at 30°, the reduc- 
ing value indicated that 31 per cent conversion had occurred. The digest, 
when treated with methanol according to the procedure described by 
Haworth e¢ al. (16), yielded 98 mg. of crystalline 6-maltose monohydrate, 
la} ssas = +111.9° — +126.9° (c = 1.5 in H,O). The optical measure- 
ments were made with a Schmidt and Haensch polarimeter kindly made 
available by Dr. du Vigneaud. 

The formation of the maltose through the action of 8-amylase on poly- 
saccharide material which had been synthesized by the action of Neisseria 
enzymes on sucrose represents the first demonstration of an enzymatic 
conversion of sucrose to maltose in the absence of cells. This conversion 
seems of fundamental interest, even though the enzymes that accomplished 
it were of different biological origins. 

Comparison with Other Polyglucosides—The enzymatically synthesized 
polysaccharide was compared with a number of reference polyglucosides: 
a sample of amylopectin-like polysaccharide produced from sucrose by 
living cultures of the strain of Neisseria used in the preparation of the 
enzyme (1); commercial liver and oyster glycogens; purified amylopectin 
C-107-B and recrystallized amylose C-107/111-A prepared from a speci- 
men of corn-starch by the pentasol method (kindly supplied by Dr. T. J. 
Schoch); and dextran prepared from the sucrose broth cultures of Leuco- 
nostoc mesenteroides, strain B (17). All of the polysaccharides were sub- 
jected simultaneously to the following procedures. 

The limits of conversion to maltose by a- and 8-amylases were determined 
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by methods described in a succeeding paper (18); all the digestions were 
at 30° for 24 hours. Reactions with iodine were examined in several ways: 
(1) the color was observed when 5.0 ml. of a 0.04 per cent solution of 
polysaccharide at pH 5.8 were treated with 0.2 ml. of 1 per cent I, and 2 
per cent KI; (2) the ‘‘blue value” was determined by a slight modification 
(18) of the method of McCready and Hassid (19); (3) the percentage of 
iodine bound in complex formation (mg. of I, per 100 mg. of polysaccharide) 
was measured by Schoch’s modification (18) of the potentiometric method 
of Bates, French, and Rundle (20); and (4) the capacity of iodine to precipi- 
tate each polysaccharide from dilute (0.05 per cent) solution was tested (18). 
The polysaccharides were tested also for their capacities to dissolve in 
cold water, to “retrograde”’ (7.e., to precipitate as particles that do not 
redissolve on heating) from 0.5 per cent solutions stored overnight at 8°, 
and to be precipitated from solution by pentasol and butanol (18). They 
were examined also for their opalescence in 1:1000 solution at pH 6.2, 
for their capacity to give serological precipitation in dilutions from 1: 1000 
to 1:10 million with a standardized, dextran-reactive, type 2 pneumococcus 
antiserum (17), and for their speed of hydrolysis by hydrochloric acid. For 
the latter determination, solutions of polysaccharide in 0.5 N HCl in sealed 
tubes were heated for 15, 20, and 45 minutes in boiling water, then cooled, 
neutralized, and tested for content of reducing sugar, as glucose (6). The 
rate of hydrolysis was expressed as the first order velocity constant, A, (21). 

From the data summarized in Table IV, the polysaccharide synthesized 
by the cell-free enzyme system from Neisseria perflava appears to be a 
glycogen-like substance. Although differing in that it gave much more 
opalescent solutions, it was similar to the glycogen from oysters and liver 
in respect to the extent of hydrolysis by the several a- and 6-amylases 
tested, the kind of color given with iodine, including the absence of any 
measurable “blue value,” the slight amount of iodine bound in complex 
formation, the failure to be precipitated by iodine, pentasol, or butanol, 
and the likeness in the rate of hydrolysis by hydrochloric acid. In com- 
parison to corn amylopectin it showed considerably less complete hy- 
drolysis by the a- and 8-amylases, had less intense and less blue color with 
iodine, and a lower capacity to form an iodine complex. The product of 
the enzyme differed from the amylopectin-like polysaccharide from the 
living culture of the Nezsseria in the same manner as from the corn amylo- 
pectin.‘ 

4A further difference between the products of enzymatic and cultural source was 
evident from tests made by Dr. S. Hestrin of their capacity to undergo phosphoroly- 
sis with purified crystalline muscle phosphorylase. He found (personal communica- 
tion) that the cultural product was split to the extent of about 40 per cent, while the 


product formed by the cell-free enzyme underwent a reaction that was considerably 
smaller and slower. 
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The Neisseria polysaccharides, both of enzymatic and of living culture 
origins, differed from corn amylose in nearly all of the properties listed in 
Table IV; furthermore, the magnitude of the differences, especially in 
the iodine reactions, was sufficient to show that little or no amylose was 
present as an accompanying substance in either of the bacterial products. 

The sharp distinction between the Neisseria polysaccharides and the 
dextran of Leuconostoc mesenteroides is of special interest because they are 
derived from the same substrate (sucrose). The dextran failed to show 
any hydrolysis by the amylases, failed to give any of the reactions with 
iodine, and was hydrolyzed by acid at a rate one-fourth to one-fifth that of 
the Neisseria products. That dextran was not contained, even in trace 
amounts, in either Nezsseria polysaccharide was shown by the failure of 
the Neisseria products to give serological precipitation in dilutions as low as 
1:1000 with an antiserum capable of revealing the presence of dextran in 
dilutions as high as 1:10 million. 

DISCUSSION 

Glyeogen-like polysaccharides were synthesized from sucrose and from 
glucose-l-phosphate (and apparently also from amylose?) through the 
action of soluble enzymes obtained from cultures of Nedsseria perflava. 
We believe that this is the first instance in which the conversion of sucrose 
to polysaccharide material of the starch-glycogen class has been demon- 
strated in a system free of living cells. 

The data on the nature and quantities of the products formed from 
sucrose established that the over-all reaction consists of the conversion of 
n molecules of sucrose to a glycogen-like polymer of n (glucose — H,O) 
residues plus n molecules of free fructose, apparently by direct polycon- 
densation. The fact that glucose-1-phosphate also served as a substrate 
raised the possibility that that phosphorylated sugar might be required as 
an intermediate substance in the synthesis of the polysaccharide from 
sucrose. However, only very small amounts of phosphorus were present 
in active enzyme-sucrose systems, and no detectable change in the phos- 
phorus partition occurred during polysaccharide synthesis from sucrose; 
moreover, the presence of inorganic phosphate in concentrations sufficiently 
high (8 moles of phosphate to 1 of substrate) to prevent all synthesis from 
glucose-l-phosphate had no inhibitory effect whatsoever upon the syn- 
thesis from sucrose. Furthermore, the activity for sucrose and the activity 
for glucose-1-phosphate were at least partially separated by mild heating 
treatment and by gas treatment. Thus, the evidence as a whole indicates 
strongly that the Neisseria extracts contain two systems: an amylosucrase, 
active preferentially if not solely upon sucrose, and a phosphorylase, active 
upon glucose-1-phosphate but not upon sucrose; and that, when the 











al 


ot 


lir 
an 


po 
ea 
in 
Wi 
ins 
ey 
fre 
{01 


Je 
bu 
(ef 
gh 
ly] 
leg 
an 
gly 
de 
SUC 








om 
the 
wd. 
‘Ose 


on 


‘om 
1 of 
oO 
-On- 
rate 
1 as 
rom 
sent 
hos- 
‘Ose | 
ntlv 
rom 
syn- 
vity 
iting 
sates 
TASE, 
etive 
the 











E. J. HEHRE 277 


amylosucrase ucts upon sucrose, the synthesis of polysaccharide of the 
starch-glycogen class proceeds by a pathway that does not involve glucose- 
l-phosphate. This mechanism is contrary to the general belief (expressed, 
for example, by Cori (22) and by Hassid, Doudoroff, and Barker (23)) that 
all members of the starch or glycogen class are always formed from glucose- 
|-phosphate through the action of phosphorylases. 

The syntheses of dextrans and levans from sucrose by enzymes from 
Leuconostoc mescnteroides (24-26) and Aecrobacter levanicum (27, 28) also 
apparently proceed without mediation of glucose-1-phosphate or of any 
other phosphorylated sugar, according to the equations: 


n sucrose—-—sdextran + n fructose 
n sucrose——slevan + n glucose 


We have suggested the name amylosucrase for the enzyme system of 
Neisseria that converts sucrose to glycogen- or amylopectin-like material in 
order to indicate its close relationship to dextransucrase and levansucrase, 
as well as to emphasize its distinction from the phosphorylase plus cross- 
linking enzyme systems which bring about the synthesis of amylopectins 
and glycogens from glucose-1-phosphate (1, 29). However, in spite of the 
apparent differences, the enzymatic syntheses of polysaccharides from 
sucrose and from glucose-]-phosphate are fundamentally much alike in 
that the substrate in each instance contains the basic unit of the final 
polymer product in the form of a glycoside radical that is exceedingly 
easily split off by acids. This point of similarity was first observed (25) 
in a comparison of dextran and levan formation by bacterial enzymes 
with starch formation by plant and animal phosphorylases, in which 
instances the polysaccharide products were different. The similarity is 
even more prominent in the present example in which the product formed 
from sucrose by Neisseria amylosucrase is essentially like the glycogen 
formed from glucose-1-phosphate by tissue phosphorylases. The activity 
of glucose-1-phosphate as a polysaccharide precursor thus would appear to 
‘epend not upon its being a phosphate “ester,” as is commonly believed, 
but upon a structural feature which is possessed also by the sucrose molecule 
(cf. (29)). Sucrose not only enters enzymatic reactions in which its 
glucoside and fructoside units are transferred to polysaccharides of several 
types (dextrans, levans, glycogen-like polysaccharides), but also enters 
teactions in which its glucoside group is transferred to glucose-1-phosphate 
and to several disaccharides (30, 31). This versatility in capacity to donate 
glycoside groups, though so far observed only with bacterial enzymes, 
deserves recognition as one of the most important biochemical properties of 
sucrose. 
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SUMMARY 


Cell-free extracts derived from Neisseria perflava, a variety of bacteria 
that occurs commonly in human throats, synthesized a glycogen-like 
polysaccharide from sucrose. The extracts also acted upon glucose-1- 
phosphate, but the actions on the two substrates could be distinguished on 
the basis of differences in the influence of high concentrations of inorganic 
phosphate and in the susceptibilities to heat and to gas treatment. The 
Neisseria extracts apparently contained a phosphorylase system, active 
upon glucose-l-phosphate but not upon sucrose, in addition to a new, 


heat-labile, enzyme system (amylosucrase) which has the capacity of 


forming polysaccharide material of the starch-glycogen class from sucrose 
by a pathway (direct polycondensation) that does not involve glucose-1- 
phosphate. 

The polysaccharide formed by the Neisseria enzymes was more like 
glycogen than like the amylopectin formed by the living Neisseria perflava 
cultures or the amylopectin component of plant starch; it was much dif- 
ferent from the dextran which Leuconostoc mesenteroides forms from 
sucrose. 

The in vitro conversion of sucrose to maltose was accomplished by the 
successive action of Neisseria enzymes and of 8-amylase. 
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COMPOSITION OF THE STARCH SYNTHESIZED FROM GLU- 
COS E-1-PHOSPHATE BY DIPHTHERIA BACILLI* 
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(From the Department of Bacteriology and Immunology, Cornell University 
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(Received for publication, July 28, 1948) 


We have recently shown (1) that the diphtheria bacillus, Corynebacterium 
diphtheriae, is able to synthesize a starch-like product from glucose-1- 
phosphate; glucose or sucrose did not serve as substrates for the reaction. 
A similar capacity is also possessed by certain streptococci and by Neisseria 
perflava (1, 2), but it apparently is not common among other bacteria and 
thus may possibly be a feature useful for the description or identification 
of the diphtheria bacillus. The results of a detailed investigation of the 
occurrence of the starch-producing capacity among pathogenic and non- 
pathogenic members of the Corynebacterium genus, as well as of the general 
mechanism of the reaction, will be reported in another paper.! 

The present experiments deal with the chemical nature of the product 
formed from glucose-l-phosphate by suspensions of Corynebacterium 
diphtheriae cells. Separation was accomplished by the method devised 
by Schoch (3) for the fractionation of plant starches; and, in the studies 
made on the properties of the isolated fractions, purified amylopectin and 
amylose fractions from corn-starch, kindly furnished by Dr. Schoch, were 
included along with mammalian glycogen in order to be able to relate the 
product of the diphtheria bacillus to polysaccharides of the starch-glycogen 
class of plant or animal origin. 


EXPERIMENTAL 


Isolation of Polysaccharides Formed from Glucose-1-phosphate by 
Diphtheria Bacilli 


A recently isolated, virulent strain of Corynebacterium diphtheriae (mitis 
type) was utilized. Young cells were obtained by centrifugation of 15 
liters of broth (1 per cent tryptose, 0.3 per cent yeast extract, 0.2 per 
cent glucose, and 0.2 per cent K,HPQO,;) which had been heavily seeded and 
incubated at 37° for 18 hours. The washed cells, which contained only a 
small amount (0.09 gm.) of polysaccharide material, were added to 300 ml. 
of a 0.05 m glucose-l-phosphate solution, buffered at pH 6.4 by 0.1 Mm 


* Aided by a grant from the Sugar Research Foundation, Ine. 
'Hehre, E. J., Carlson, A. S., and Neill, J. M., unpublished manuscript. 
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maleate. The mixture was incubated at 25° for 42 hours, when the glucose- 
1-phosphate (4) and inorganic phosphate (5) contents indicated that 71 
per cent of the original glucose-1-phosphate had been utilized; the polysac- 
charide content (6) had risen to 1.57 gm. 

In order to remove the lipoid substances which are abundant in diph- 
theria bacilli (7) and which are undesirable for the present method of 
starch fractionation (3), the mixture was adjusted to pH 7.0, treated with 
1700 ml. of absolute methanol, refluxed (68°) for 45 minutes, and then 
centrifuged. The sediment (containing the bacterial cells and the poly- 
saccharide) was extracted in 180 ml. of 1.0 N NaOH at 25° for 90 minutes: 
three successive extractions were required to bring approximately 80 
per cent of the polysaccharide into solution.? The collected fluids were 
without delay brought to pH 6.6 with glacial acetic acid, and then heated 
at 93° for 15 minutes. Insoluble material containing a negligible amount of 
polysaccharide was removed by centrifugation, and the still hot fluid (600 
ml.) brought to pH 6.0 and 93°, and treated with 60 ml. of pentasol.? The 
mixture, after having been cooled slowly with continuous stirring over a 
period of 13 hours, was found to contain large numbers of microscopic 
crystalline particles that were stained intensely blue with iodine. ‘These 
were separated from an opalescent supernatant fluid by high speed cen- 
trifugation in the cold, redissolved in hot water, and recrystallized by the 
use of pentasol. The final precipitate or Fraction A, the crystalline ap- 
pearance of which is illustrated in Fig. 1, was washed twice with methanol 
° over CaChk. The yield was 0.43 gm. (moisture- 
free basis), or 27 per cent of the polysaccharide contained in the cell-sub- 
strate mixture. 

The opalescent fluid from the original pentasol treatment was adjusted 
to pH 5.0 and treated with 2 volumes of alcohol; the resulting precipitate, 
collected by centrifugation, was twice extracted with 200 ml. of cold 1 
per cent sodium acetate. A residue of 0.25 gm. remained, less than half 
of which was polysaccharide of the starch class. The soluble material, 
Fraction B, was reprecipitated with 2 volumes of alcohol, washed with ab- 
solute aleohol, and dried in vacuo. The yield was 0.63 gm. (moisture- 


and dried in vacuo at 25 


free basis), or 40 per cent of the polysaccharide in the original mixture. 


2 In addition to the soluble material there was a final residue of 0.60 gm. which con- 
sisted mainly of cellular débris. This residue, although it contained 0.28 gi. of poly- 
saccharide and was stained blue-black with iodine, was discarded because the poly- 
saccharide could be obtained only by drastic extraction procedures. 

3 Pentasol is a mixture of five isomeric amy] alcohols, manufactured by Sharples 
Chemicals, Inc., Wyandotte, Michigan, which was found by Schoch (3) to be a very 
effective fractionating agent for plant starches. 
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— | Properties of Isolated Polysaccharide Fractions 
aay fi Fraction A was a white crystalline substance which was nearly insoluble 
UC- | in cold water but which dissolved in cold 1.0N NaOH, while Fraction B was 
a white amorphous powder that proved to be only partially soluble in cold 
yh- water, despite the fact that at one stage in its preparation it had been com- 
of pletely soluble. The polyglucoside nature of both Fraction A and Fraction 
ith B is evident from the results of chemical analyses which are summarized 
1en in Table I.) That both fractions are members of the starch class was 
ly- indicated by the color reactions given with iodine as well as by the high 
es; 
80) ad 8 
ere 
ted * 
t of 
H00 
The _ 
ra 
pic | 
ese | 
en- 
the 
ap- 4 & 
nol 
1re- 
ub- Kia. 1. Crystalline Corynebacterium diphtheriae Fraction A, prepared by pentasol 
treatment and stained by iodine; 1000 X. 
sted | me : . ; F 
te. | positive optical rotations. However, in order to characterize the poly- 
d1 saccharides further a number of tests used for the differentiation of poly- 
half saccharides of the starch-glycogen class were made simultaneously on 
vial Fractions A and B, on purified amylopectin and recrystallized amylose 
a fractions from corn-starch, and on a sample of glycogen from mammalian 
ni liver. 
poe The extent of hydrolysis by a- and B-amylases was determined with 
(1) a clarified 1:5 dilution of saliva in physiological salt solution; (2) 20 
oii mg. of analytical grade B-amylase from ungerminated barley (furnished 
poly by Wallerstein Laboratories, New York); and (3) 2 mg. of B-amylase pre- 
poly pared from whole wheat flour (12). A sample of 8 to 10 mg. of polysac- 
charide was dissolved in 2.0 ml. of cold 1.0 N NaOH, and adjusted to pH 
= 5.8 for the a-amylase and to pH 4.6 for the B-amylase with 1.0 N acetic 


acid; 1.0 ml, of enzyme solution was immediately added, and the mixture 
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diluted to 10.0 ml. with water. After incubation at 30° for 24 hours 
(a-amylase) or 2 days (8-amylase), the reducing sugar content was deter- 
mined (10) and calculated as maltose according to the data of Weise and 
Brand (13). The values are reported in terms of percentage of the maltose 
that theoretically would be obtainable after correction for the entry of 
water during the hydrolysis. 

The ‘blue value” with iodine was determined by a slight modification 
of the method of McCready and Hassid (14). Alkaline solutions, contain- 
ing 1.0 mg. of polysaccharide per ml., were prepared as directed (14); 
5.0 ml. were diluted with 50 ml. of water, and 2.7 ml. of 0.1 N acetic acid 


TABLE | 
Analysis of Fractions Isolated from Incubated Mixture of Corynebacterium diphthe- 
riae Cells and Glucose-1-phosphate* 
Acid hydrolysatet 
Phos- 


ar Color with | Ash, as | Reducing | Nitrogen : 22t 

Fraction iodine Na2SOu | power (8) (9) phorus la}egg3 aa Reducing 
9) [a)5893 sugar (10), 
| 5893 } 
as glucose§ 

percent | percent|| | per cent per cent degrees degrees per cent 

A Intense 0.0 <0.1 0.1 0.01 +164 +49.9 93.3 

blue (c = 0.9) | (c = 0.6) 


B Purple 1.2 0.4 0.45 0.16 +165 +47.5 90.5 
| (c = 1.0) | (c = 0.6) 


* Calculations are on the ash- and moisture-free basis. 

+ The optical rotations were determined on solutions in 0.5 Nn NaOH. 

t The polysaccharides were hydrolyzed for 2.5 hours in 1.0N HCl. The data are 
corrected for the entry of water. 

§ Abundant glucosazone (m.p. 205-206°, uncorrected) was obtained when the 
hydrolysates were treated with phenylhydrazine; the absence of pentoses and uronic 
acids was indicated by the negative qualitative Bial test (11). 

| Per cent of the reducing power of glucose. 


added to bring the reaction to pH 5.8; after mixing, 2.5 ml. of 0.2 per cent 
iodine and 2 per cent KI were added, and the volume brought to 250 ml. 
with water. The intensity of the blue color was measured by the use of a 
Klett-Summerson colorimeter (test-tube model) with red Filter 66. The 
results are expressed as scale readings, as in the paper of McCready and 
Hassid (14). The degree of complex formation with iodine was measured 
by Schoch’s modification (15) of the potentiometric method of Bates, 
French, and Rundle (16). One-fourth the prescribed weight of poly- 
saccharide was used, but since the recommended concentrations of poly- 
saccharide and of all reagents were maintained, our procedure was strictly 
comparable to that of Schoch (15). The results are expressed as per cent 
iodine bound in complex formation (mg. of I, per 100 mg. of dry weight of 
polysaccharide). 
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Finally the products were tested for their capacity to precipitate with 
iodine, pentasol, and butanol. For the test with iodine, 1.0 ml. of a solution 
containing 0.02 per cent I, and 0.8 per cent KI was added to 2.0 ml. of 0.05 
per cent polysaccharide in acetate buffer at pH 4.4; the mixtures were 
observed for precipitation at intervals from 15 minutes to 1 week. For 
the pentasol and the butanol tests, 0.5 ml. of the aleohol was added to 2.0 
ml. of a 0.5 per cent solution of polysaccharide in acetate buffer (pH 6.2) 

TaB_eE II 
Properties of Corynebacterium diphtheriae Polysaccharides in Comparison with Those 
of Corn-Starch Fractions and of Glycogen* 


Con- Conversion 
ver- | to maltose 





. : Iodine Ppt. with various reagents 
sion to| by 8-amy- ~ | Blue 
Source and kind of mal- lase —— | value 
polysaccharide | tose | | 7 mp/lex | with = 
| by | & | 2 | ‘tiont | iodine! ‘S| 
aamy-| 2 | § — } A=} Pentasol B 1 
lase | 3 | = | 3 entaso utano 
| i aS) 
per | per | per | 
cent | cent | cent per cont | 
| | 
C. diphtheriae, Frac- | 97 | 86 | 85 | 17.2 | 278 |\++/ Crystalline | Amorphous 
P | | y I 
tion A | a ae ; | 
Corn amylose (Schoch)| 101 | 91 | 94 | 18.9§| 298 |++ “ Crystalline 
C. diphtheriae, Frac- | | | 
tion B | 87 | 67|64| 5.7 | 77 | + | 0 0 
Corn amylopectin | 92 | 64 | 60 0.6§| 32) 01/0 0 
(Schoch) | 
Rabbit liver glycogen | 73 | 43 | 39 | <0.1 | 0 0 |0 0 
| 1 | 





* All the data are calculated to the moisture- and ash-free basis. 
+ The derivation of these values is shown in Fig. 2. 
t ++, copious blue precipitate in 15 minutes; +, violet precipitate after 1 day; 
0, no precipitate after 1 week. 

§ Dr. Schoch (personal communication) found iodine affinity values of 18.6 per 
cent for the sample of corn amylose and 0.7 per cent for the corn amylopectin. 


that had been heated to 95°; the mixture was permitted to cool to 25° over a 
period of 24 hours, then centrifuged, and observed for the occurrence and 
the microscopic nature of the sediment. 

It is evident from the data in Table II that Fraction A and Fraction B, 
synthesized from glucose-1-phosphate by Corynebacterium diphtheriae, 
resembled in a general way the two major components of plant starches. 

Fraction A appears to be a polysaccharide of the amylose class. In the 
degree of conversion by a- and B-amylases, in the “blue value,’’ and in the 
amount of complex formation with iodine, Fraction A gave values between 
90 and 96 per cent of those obtained with corn amylose. It was like the 
corn product also in respect to rapid and complete precipitation by excess 
iodine, and, as shown in Fig. 2, had a closely similar iodine adsorption 
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curve. Pentasol produced a crystalline precipitate with both; and the 
crystals of Fraction A (Fig. 1), although somewhat smaller and less sharply 
defined, were similar in appearance to those found with corn amylose. 
On the other hand, treatment with butanol, which gave a crystalline 
precipitate with the corn amylose, caused only the formation of an amor- 
phous precipitate with Fraction A. 
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Fic. 2. Curves, derived from potentiometric measurements, showing the iodine 
adsorption of the Corynebacterium diphtheriae and reference polysaccharides as a 
function of free iodine concentration. Curve 1, corn amylose, Curve 2, C. diphtheriae 
Fraction A, Curve 3, C. diphtheriae Fraction B, Curve 4, corn amylopectin, Curve 5, 
rabbit liver glycogen. The point of interception with the ordinate, made by the 


dotted extension of each curve, was taken as the amount of iodine bound by the 
polysaccharide in complex formation. 


Fraction B behaved like corn amylopectin in respect to the extent of its 
hydrolysis by a- and B-amylases, and in its failure to be precipitated from 
dilute solution by pentasol or butanol. However, the iodine reactions 
and solubility characteristics of Fraction B were intermediate between those 
of corn amylopectin and those of corn amylose or Fraction A. That is, 
the “blue value” of Fraction B was somewhat greater than that of the 
amylopectin, and the degree of complex formation as well as the entire 
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curve for iodine adsorption was intermediate between those of the plant 
fractions (Fig. 2); moreover, Fraction B showed delayed precipitation with 
iodine, was only partially soluble in cold water, and had a tendency to pre- 
cipitate from solution in the cold. Fraction B may thus be considered to be 
a unique amylopectin-like polysaccharide, some of whose properties are 
intermediate between those of amylopectin and amylose; that it is not an 
amylose whose properties were being masked by adsorbed lipoid material 
was shown by tests made after exhaustive extraction with 85 per cent 
methanol. 


DISCUSSION 

Although a portion of the starch-like product synthesized from glucose- 
l-phosphate by suspensions of Corynebacterium diphtheriae was not ex- 
amined because of the difficulty of its extraction from the bacterial cells, 
the major part of the synthetic polysaccharide was separated and frac- 
tionated by the method of Schoch (3) into two components. One of these 
(Fraction A) was obtained in the form of microscopic crystals; it had prop- 
erties that closely resembled those of corn amylose, and it can in fact be 
regarded as an amylose. The other (Fraction B) proved to be an unusual 
member of the starch class; some of its properties were like those of corn 
amylopectin, while others were intermediate between those of the amylopec- 
tin and amylose of corn-starch. The amounts of Fractions A and B iso- 
lated accounted for 27 and 40 per cent respectively of the total polysac- 
charide formed by the mixture of Corynebacterium diphtheriae cells plus 
glucose-1-phosphate. 

The Corynebacleritum diphtheriae product as a whole appears to be similar 
in a general way to the common root and cereal starches, which comprise 
two components. It is true that the ratio of Fraction A to Fraction B is 
somewhat higher than that of amylose to amylopectin in these plant 
starches, and that the qualitative properties of Fraction B of the C. diphthe- 
riae starch do not entirely correspond to those of the amylopectins of the 
plant starches. Nevertheless, the product formed from glucose-1-phosphate 
by the diphtheria bacillus does approach those natural starches which con- 
sist of mixtures of linear (amylose) and branched (amylopectin) fractions 
more closely than do the ‘‘synthetic starches’? formed from glucose-1- 
phosphate by phosphorylases, which consist essentially only of amylose 
(17,18). Since the C. diphtheriae product contains an apparently branched 
component, its formation must involve, in addition to phosphorylase, 
some other factor like the cross-linking enzymes occurring in liver and 
potatoes (19, 20) which bring about the formation of glycogen and amy- 
lopectin. 

The Corynebacterium diphtheriae amylose component is of some bio- 
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chemical interest as the first example of the crystallization by the method of 
Schoch (3) of a product definitely known to have been synthesized from 
glucose-1-phosphate. Moreover, with the exception of the low molecular 
weight Schardinger dextrins which have long been known to crystallize 
from the cultures of certain bacilli (21), the Corynebacterium diphtheriae 
amylose represents the first bacterial polysaccharide to be obtained in 
crystalline form. 


SUMMARY 


The starch-like material synthesized by diphtheria bacilli from glucose-1- 
phosphate was studied with the aid of the fractionation method of Schoch, 
through direct comparison with several reference polysaccharides of the 
starch-glycogen class from plant and animal sources. The Corynebacterium 
diphtheriae product was a mixture of two components, as in the case of the 
common root and cereal starches. One of the components, which was an 
amylose similar to the amylose components of the plant starches, 
tained in crystalline form. The other component was a unique amylopec- 
tin-like polysaccharide, some of whose properties were intermediate be- 
tween those of the amylopectin and amylose fractions of plant starch. 


was ob- 
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CRYSTALLINE AMYLOSE FROM CULTURES OF A PATHOGENIC 
YEAST (TORULA HISTOLYTICA)* 


By EDWARD J. HEHRE, ARTHUR 8S. CARLSON, anp DORIS M. HAMILTON 


(From the Department of Bacteriology and Immunology, Cornell University Medical 
College, New York City) 


(Received for publication, July 28, 1948) 


Mager and Aschner (1, 2) have reported that certain yeasts belonging to 
the genus Torulopsis, when grown under the proper conditions, produce 
an extracellular polysaccharide that gives an intense blue color with iodine, 
and have suggested (3) a method for the identification of the pathogenic 
species T'orulopsis neoformans (t.e., Torula histolytica) based in part on that 
capacity. The blue-staining product was originally thought to correspond 
to the amylose component of the starch of green plants (1), but more 
recently Mager (4) has reported that the product formed by the saprophytic 
Torulopsis rotundata differs in chemical properties both from the amylose 
and from the amylopectin components of starch. The analyses of Mager 
(4), however, are difficult to interpret because they were made chiefly on 
material that was only about 26 per cent pure. 

The present experiments deal with the isolation and chemical properties 
of the blue-staining material from a culture of Torula histolytica. For 
the isolation the method of Schoch (5) was employed because preliminary 
trials showed it well suited for the separation of the relatively small amount 
of the desired product from the large amount of other polysaccharide 
accompanying it in the Torula culture. In order to determine the position 
of the Torula product in the starch group of polysaccharides, the chemical 
study included comparisons with fractions of corn-starch and with glycogen. 


EXPERIMENTAL 


Separation of Torula Polysaccharides—The strain of Torula histolytica 
used had been isolated from the spinal fluid of a patient with fatal meningo- 
encephalitis; it was obtained through the courtesy of Miss Mary E. Hopper 
of the New York Hospital. This strain did not have prominent capsules 
when cultivated in vitro, but it was pathogenic for mice and produced large 
capsules in vivo. When grown under the conditions described by Mager 
and Aschner (3), extracellular material that was stained intensely blue 
with iodine was produced. 

In order to obtain the blue-staining polysaccharide for analysis, 10 liters 
of the Mager and Aschner medium (1 per cent glucose, 0.1 per cent 


* Aided by a grant from the Sugar Research Foundation, Inc. 
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(NH4)2S0,, 0.1 per cent KH2PO,, 0.05 per cent MgSO,-7H,0, and 0.002 mg. 
per cent thiamine hydrochloride) were heavily inoculated and incubated at 
27° for 5 days with continuous and vigorous aeration. The grown culture 
was adjusted to pH 7.0 with NaOH and then heated between 70-80° 
for 30 minutes in order to kill the microorganisms. The heated culture was 
rapidly cooled and treated with 2.5 volumes of alcohol, and the bulky } 
precipitate of yeast gum and cells was centrifuged immediately. The 
soluble constituents of this sediment were obtained by three successive 
extractions with a total of 1 liter of 0.02 m acetate buffer, pH 6.0. For 
each extraction the sediment was suspended in buffer, healted at 93° for 15 
minutes, and centrifuged. The final residue of yeast cells and cellular 
débris (26.8 gm. when dried) gave only a maroon color with iodine and was_ } 
not further studied. The combined extraction fluids, which gave an in- 
tense blue color with iodine at a dilution of 1:50, were again brought to 
93°; 80 ml. of pentasol' were added and the mixture cooled to 30°, with 
continuous stirring, over a period of 12 hours. Large numbers of crystal- 
line particles which were stained blue with iodine were evident on micro- 
scopic examination. The crystals were separated from the highly opales- 
cent supernatant fluid by high speed centrifugation, and recrystallized 
without appreciable loss by a second treatment with pentasol. The final 
material was washed twice with methanol and dried in vacuo at 25° over 
CaCl. The pure white product, Fraction A, weighed 0.16 gm., which 
proved to be less than one-thirtieth of the water-soluble material obtained 
from the culture. 

The bulk of the extracellular material produced by the Torula was in the 
opalescent supernatant fluid that remained after separation of the above 
crystalline precipitate. This fluid, which gave some red but no blue color 
with iodine, when treated with 2.5 volumes of alcohol, yielded a precipitate 
of 4.62 gm. dry weight. The study of this material which we call Fraction 
B has not yet been completed, but evidence has been obtained that it is a 
mixture of several components, including (1) a glycogen-like material and 
(2) a capsular substance, not of the starch class but apparently a pentose- 
containing polysaccharide, which Dr. James M. Neill? has found capable of 
giving serological precipitation in high dilutions with appropriate anti- 
serums. 

Properties of Fraction A—Al\though nearly insoluble in water, Fraction A 
dissolved readily in cold 1.0N NaOH. It showed an unusually pronounced 
tendency to precipitate from neutralized solutions, whether kept warm or 


1 Pentasol is a mixture of five isomeric amyl alcohols manufactured by Sharples 
Chemicals, Inc., Wyandotte, Michigan. ; 

2 Neill, J. M., Castillo, C. G., Smith, R. H., and Kapros, C. E., J. Exp. Med., in 
press. 
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cold. Its crystalline appearance (Fig. 1) closely resembled a sheaf of 
needles and was like that of pentasol-precipitated corn and potato amyloses. 
However, in spite of its crystallinity, the Torula product was not chemically 
pure.’ Analyses showed an ash content (as Na2SO,) of 0.5 per cent, phos- 
phorus (6) 0.03 per cent, and a nitrogen content (7) of 0.74 per cent; on the 
basis of the latter value, we have assumed the presence of a “protein” 
impurity of 4.6 per cent. Correction for all these impurities as well as for 
moisture has been applied to the following analytical data. 

The rotation before hydrolysis was [a]sss3 = +142° (c = 0.5 in 0.5 N 
NaOH). After hydrolysis in 1.0 N HCl for 2.5 hours at 100°, with correc- 





Fig. 1. Crystalline amylose (Fraction A) from Torula histolytica, stained with 
iodine; 1000 X. 


tion for the entry of water, the rotation was [alsss3 = +43° (ec = 0.4) and 
the reducing sugar content 91 per cent as glucose (8). The hydrolysate 


3 In addition to the impurities indicated by the chemical analyses, Fraction A 
also contained some small amount of material which gave precipitation with the same 
antiserums that reacted with the capsular polysaccharide included in Fraction B. 
If, as we believe, this material represents traces of the capsular polysaccharide, the 
amount present in Fraction A may be roughly estimated to be about 1 per cent; 
that estimation is made on the basis that, in parallel tests against the same antiserum, 
Fraction A gave precipitation in dilutions of 1:5000 to 1:10000 but not at higher dilu- 
tions, whereas the purified capsular polysaccharide gave positive reactions when 
diluted 1:1 million or 1:2 million. It is worth while to note that serological tests 
have certain advantages in the detection of traces of polysaccharides contained as 
accompanying substances in other carbohydrate materials, as exemplified by the 
serological detection of the presence of dextran in reagent sucrose of the highest 
degree of chemical purity (10). 
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yielded glucose phenylosazone, with a melting point of 206°, when treated 
with phenylhydrazine. A qualitative (Bial) test (9) for pentoses and 
uronic acids was negative; this test was sufficiently sensitive to have de- 
tected pentose if present to the extent of more than | per cent of the 
reducing sugar of the hydrolysate. 

The Torula polysaccharide was further examined, along with several 
reference polysaccharides of the starch-glycogen class, for the extent of 
conversion to maltose by a-amylase from saliva and by B-amylase from 
ungerminated barley, the degree of complex formation with iodine, as 
determined potentiometrically, the intensity of blue color (‘‘blue value’’), 
and the capacity to be precipitated by pentasol and by iodine. ‘These 
determinations were made in the manner described in a preceding paper 


TABLE | 
Properties of Crystalline Torula Polysaccharide in Comparison with Those of Corn 
Starch Fractions and of Glycogen 


Conver Conver lodine 


las 
sion to sion to | bound in —— Ppt. Pot 
Source and kind of polysaccharide maltose maltose comp!ex with with es : 
dy | by forma ‘colihian iodine* ee 
a-amylase B-amylase tion . 
per cent per cent | per centt 
T. histolytica Fraction A 93t 86t 19.5 356 = ++ Crystalline 
Corn amylose (Schoch) 101 92 18.9 315 | +4 os 
‘amylopectin (Schoch) 92 60 0.6 32 0 0 
Rabbit liver glycogen... .. 73 10) <0.1 0 0 0) 


* 44 copious blue precipitate in 15 minutes; 0, no precipitate after 1 week 

+ Mg. of iodine bound per 100 mg. of dry polysaccharide. 

t Precipitation of some of the polysaccharide from solution occurred during the 
period of incubation with the enzyme; so that these values probably do not represent 
the maximal convertibility to maltose. 


(11). The reference polysaccharides were samples of amylopectin and of 
crystalline amylose prepared by the pentasol method (5) from corn-starch, 
and a sample of glycogen from mammalian liver. All procedures were 
performed simultaneously on Torula histolytica Fraction A and on the 
reference materials. The results are summarized in Table I. 

It is evident that the crystalline Torula polysaccharide had the prop- 
erties of an amylose. The extent of its conversion by a- and B-amylases 
approached those found with corn amylose, despite the precipitation from 
solution of some of the polysaccharide during the course of the digestion. 
The intensity of color with iodine, expressed as the “blue value,’’ was 
higher for the Torula polysaccharide than for the corn amylose, while the 


amount of iodine adsorbed in complex formation by the Torula product 
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was approximately the same as that of the corn amylose. (Though not 
illustrated, the potentiometric curves from which the latter values were 
derived were closely similar.) Furthermore, in its precipitation by pen- 
tasol and by iodine, the Torula polysaccharide behaved like the linear 
corn fraction. The distinction between Torula Fraction A and both corn 
amylopectin and liver glycogen was absolute. 


SUMMARY 


The substance responsible for the intensely blue coloration with iodine 
given by cultures of the pathogenic yeast-like fungus Torula histolytica 
has been isolated in crystalline form and identified as a polysaccharide of 
the amylose class. Separation was achieved by application of the pro- 
cedure developed by Schoch for the fractionation of plant starches, and 
the analyses made in comparison with specimens of plant amylose and 
amylopectin and of liver glycogen. 
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EXCRETION OF RADIOACTIVE CARBON DIOXIDE BY RATS 
AFTER ADMINISTRATION OF ISOTOPIC BICARBONATE, 
ACETATE, AND SUCCINATE* 


By R. GORDON GOULD, F. MAROTT SINEX, I. N. ROSENBERG, A. K. 
SOLOMON, anv A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, Boston) 
(Received for publication, September 4, 1948) 


The rate of excretion of CO, has been followed after the intraperitoneal 
injection into rats of (1) isotopic bicarbonate, NaHC™Qs, (2) isotopic ace- 
tate, CH;C“OONa, and (8) isotopic succinate, NaOOCCH:CH2C“OONa. 
The data so obtained yield information on the rate at which CO, partici- 
pates in the metabolic processes of the body, as well as the rate at which 
isotopic carbon is eliminated following its administration in the three 
chemical forms. 

Previous measurements of excretion of isotopic CO: reported in the litera- 
ture have been few and, in these few, the experiments were not designed to 
determine the rates of COs, excretion following the administration of a 
single dose of isotopic material (1-3). In the present experiments, the 
excretion of CO, and total CO, has been measured at frequent intervals 
up to 4 hours. 


EXPERIMENTAL 


White rats weighing 120 to 140 gm. were fasted for 24 hours prior to the 
experiment, given the isotopic material in about 1 ml. of solution by intra- 
peritoneal injection, and placed in a metabolism chamber for collection of 
respiratory CO». 

Isotopic Solutions Used—Isotopic NaHC™O; was prepared from a solu- 
tion of isotopic NagCOs; diluted with m/15 phosphate buffer, pH = 7.4. 
The final volume was approximately 1 ml. An aliquot of 35 c.mm. was 
removed for determination of the radioactivity of the solution and the 
remainder was injected intraperitoneally into the rat. The total radio- 
activity injected amounted to 2.5 to 5 X 10° counts per minute per rat. 
The total amount of CO, injected was 0.025 to 0.05 mm. 

Isotopic CH;C“OOH was prepared! according to the method of Sakami, 
Evans, and Gurin (4). The acetate solutions injected intraperitoneally 


* This work was supported in part by a contract between Harvard University and 
the Office of Naval Research, and in part by a grant-in-aid from Swift and Company. 


1 We are indebted to Dr. Yale J. Topper for the preparation of the isotopic acetate 
and succinate. 
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contained from 0.6 to 3.2 X 10° counts per minute. In three experiments, 
the total acetate injected varied from 0.01 to 0.02 millimole of acetate dis- 
solved in 1 ml. of isotonic NaCl solution. In a fourth experiment, carrier 
acetate was added, making the total acetate injected 0.13 mm. 

Isotopic succinic acid labeled in the carboxyl group was prepared! as 
described in the accompanying paper (5). The amount injected intraperi- 
toneally was 0.8 to 1.5 ml. of a solution containing 0.1 to 0.5 millimole 
of succinate and a total activity of 0.8 to 2.5 * 10° counts per minute. 
These solutions were prepared by dissolving the succinic acid in an equiy- 
alent amount of NaOH, adjusting the pH to 7.4 with M/15 phosphate, and 
bringing to volume. 

Measurement of CO, Excretion—Immediately after injection of the solu- 
tion containing isotopic carbon, the rat was placed in a simple metabolism 
chamber consisting of a large glass tube (inside diameter 60 mm., length 
300 mm.), closed with one hole stoppers at each end, and collection of ex- 
pired CO. was begun. A current of CO.-free air was drawn through the 
tube at the rate of about 200 to 300 ml. per minute. The expired CO, was 
collected by aspiration through 100 ml. of dilute NaOH contained in a 
glass column (4 X 20 em.) sealed at the bottom to a sintered glass funnel, 
The amount of NaOH used was determined by the length of time the CO, 
was to be collected. 2 milliequivalents of NaOH were used for each minute 
that expired CO, was collected, thereby providing a 20-fold excess of alkali. 

Before admitting the air to the metabolism chamber, it was rendered 
CO,-free by passage through two towers filled with moistened soda lime. 
Tests without the rat revealed no detectable CO, in the incoming air. A 
trap containing Ba(OH). was placed after the NaOH absorption column 
as a means of detecting incomplete absorption of CO, by the NaOH. 

For the first 30 minutes, samples were collected at 10 minute intervals; 
thereafter, at 30 minute intervals for the duration of the experiment, which 
was usually about 4 hours. The NaOH solutions, containing the expired 
CO, as Na,CO;, were quantitatively transferred to volumetric flasks and 
made up to 200 ml. After determination of the CO, content by the Van 
Slyke manometric method, an aliquot of solution calculated to yield 5 mg. 
of BaCO; was treated with Ba(OH).. The precipitate of BaCOs; was 
washed and transferred to a stainless steel cup for radioassay with a thin 
window counter, and the radioassay results expressed as counts per minute. 


Results 


The significant data in each experiment consisted of the amount of C” 
injected at zero time and the amount of C™ and the total CO. excreted in 
each sample. The amount of C™ per millimole of total CO, is the specific 
activity of the expired C“O,. The specific activities, adjusted to a uniform 








eg 


a 


“a 











‘ 


a are Be: eee aes ORM Ge aie Ma MR ek a ide dees dx ce 


LOG COUNTS PER MIN. PER mM. CO. 








——— 





GOULD, SINEX, ROSENBERG, SOLOMON, HASTINGS 297 


initial injection of 100,000 counts per minute, have been plotted logarith- 
mically against time in Fig. 1. 

so The data obtained in three bicarbonate experiments are individually 
. shown and a smooth curve drawn through the points. The curve is linear 
for about 1 hour with a slope indicating a 50 per cent reduction in specific 
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this would indicate that the C™O, initially injected was distributed in an 
inorganic carbon pool of 2.63 mm per 130 gm. rat, or 2mm per 100 gm. rat. 
Since the total CO, in the extracellular and intracellular fluids of a 100 gm, 
rat would amount to only about 1 mm of CO:, the C“O, must have rapidly 
entered into mobile equilibrium with 1 mm of CO, elsewhere in the body, 
One possibility is rapid exchange with the CO, of bone, and another is in- 
corporation into dicarboxylic and tricarboxylic acids. The present ex- 
periments do not permit a decision as to the relative importance of these 
two possibilities. 

The data of the acetate experiments have been plotted as the average of 
three experiments. The curve drawn through the points shows a maximum 
specific activity of C“O, between 10 and 20 minutes, emphasizing the rapid- 
ity of the processes of acetate absorption, distribution, metabolism, and 
excretion of the C“O, formed. This curve is determined primarily by the 
balance between CO, formed by oxidation and its dilution with non- 
isotopic COs. 

During the period of 40 to 120 minutes, the decrease in the log specific 
activity was linear with a slope indicating a 50 per cent decrease in specific 
activity in 25 minutes. After this time, a slower rate of decrease was ob- 
served, becoming approximately parallel to the curve of the bicarbonate 
experiments during the later stages. 

The data of the succinate experiments have been plotted as the average 
of three experiments. In the succinate experiments, the maximum specific 
activity of C“O, was reached at about 30 minutes. From 50 to 200 min- 
utes, the curve was linear with a slope corresponding to 50 per cent 
decrease in specific activity in 35 minutes. The maximum specific activity 
was reached somewhat later than in the acetate experiments, but this may 
have been due to the larger amount of succinate injected and slower ab- 
sorption from the peritoneal cavity. 

Cumulative Excretion of C*O,—The cumulative excretion of CO: has also 
been calculated and the average values have been plotted for each series of 
experiments (Fig. 2). After 4 hours, the average total excretion of injected 
C™ amounted to 95 per cent after isotopic bicarbonate, 87 per cent after 
isotopic acetate, and 86 per cent after isotopic succinate. These final 
values varied in individual experiments by +5 per cent from the mean. 
Because of these variations, it is not to be concluded that the residual C™ 
in the body of the rat at the end of 4 hours is known with certainty in any 
one of the present experiments. However, the data show that 50 per cent 
of the Cis excreted in 18 minutes when administered as NaHC™Os, whereas 
after C“ administration as carboxyl-labeled acetate and carboxyl-labeled 
succinate, 42 and 55 minutes, respectively, are required for 50 per cent C™ 
elimination. 
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where k, is the velocity constant of conversion of C™ in organic form to 
C¥OQ,, and ky is the velocity constant of excretion of C“Os. 
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From the experiments with labeled bicarbonate (Fig. 2), the excretion of 
CO, appears to follow a first order reaction for about 60 minutes. This 
may be expressed by the equation 


(C#O2): = 100e7*2¢ 


where (C“O.), = the per cent of CO, excreted in time, ¢, and k; has the 
value of 0.047. 

The values of /; for the conversion of C™ in the carboxyl groups of ace- 
tate and succinate have been estimated from the calculated amount of 
C* present in organic form (Figs. 3 and 4). (These values were obtained 
from the measurements of the total C“O, excreted and the calculated C“O, 
in the animal.) In the acetate experiments, the average value of k, = 
0.043, and in the succinate experiments, k; = 0.028, thus showing that the 
rate of conversion of acetate carboxyl carbon to CO, is about the same as 
the rate of excretion of CO., whereas the rate of conversion of succinate 
carboxyl carbon to CO, appears to be slower. 

The quantitative relations reached from the analysis of the data presented 
above must be regarded as tentative and subject to revision as further 
experiments are completed. They are presented at this time in order to 
illustrate the type of information which can be obtained from respiratory 
CO, data following the administration of isotopic materials. It is believed 
that the method may find useful application in the study of abnormal meta- 
bolic states in the intact animal. 


SUMMARY 


1. The rates of excretion of CO, by normal rats have been measured 
following the intraperitoneal injection of isotopic sodium bicarbonate, 
carboxyl-labeled sodium acetate, and carboxyl-labeled sodium succinate. 

2. The cumulative excretion of radioactive carbon amounted in 4 hours 
to 95 per cent after bicarbonate, 87 per cent after acetate, and 86 per cent 
after succinate. 

3. The rates of change of the specific activity of the CO, have been 
interpreted in terms of the metabolic reactions of the substances injected. 

4. The velocity constants for the conversion of acetate and succinate 
carboxyl carbons to CO, and for the excretion of CO, have been calculated. 
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NOTE ON THE SYNTHESIS OF SUCCINIC ACID LABELED IN 
THE CARBOXYL POSITION WITH RADIOACTIVE CARBON* 


By YALE J. TOPPER 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, September 4, 1948) 


In the course of investigations in intermediary carbohydrate metabolism, 
it was necessary to employ isotopic succinic acid. ‘This material, labeled 
with C™ in the carboxyl position, was prepared via acetylenedicarboxylic 
acid according to the method described by Gilman and Haubein (1). In 
order to adapt the method to isotopic synthesis modifications were made, as 
described below, in the carbonation of the Grignard reagent. The reactions 
involved in the synthesis of the acetylenedicarboxylic acid, as postulated by 
Gilman and Haubein, are the following: 


| CH.=CHBr + RLi — CH[Li-=CHBr — CH=CH + LiBr 


_ G¥O,, COs 
CH=CH + 2RL » HOOCC=CC“OOH 
1 2H,0 








Succinic acid was then prepared from the acetylenedicarboxylic acid by 
catalytic hydrogenation. 


EXPERIMENTAL 


Vinyl Bromide and n-Butyllithium—A solution of 3.2 gm. (0.03 mole) of 
vinyl bromide (prepared in accordance with the directions of Kharasch and 
coworkers (2)) dissolved in 30 ml. of ether cooled to 0° was added to 0.10 
mole of n-butyllithium in 200 ml. of ether at 0°. This mixture was stirred 
for 15 minutes. 

Carbonation of Dilithium Acetylide and Isolation of Acetylenedicarboxylic 
Acid—10 ml. of the milky white dilithium acetylide solution were added 
to3.3 X 10~ mole of carbon dioxide which had been generated from 90 mg. 
of BaCO; and 10 mg. of BaC“O; (containing approximately 3 per cent C"). 
After cooling the mixture at —35° for 24 hours, 1.5 gm. of dry ice were 
added, and, when the latter had all disappeared, 1 gm. of non-isotopic 
acetylenedicarboxylic acid was introduced as a carrier. Following hy- 
drolysis with 10 ml. of 10 per cent sulfuric acid at 0°, the acid was extracted 
with eight 10 ml. portions of ether. The ether was removed and the solid 
residue taken up in 5 ml. of water. Finally, 2 ml. of 20 per cent potassium 


*This work was supported by a contract between Harvard University and the 
Office of Naval Research. 
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hydroxide were added; crystallization of monopotassium acetylenedicar- 
boxylate was permitted to continue at 0° for 15 hours. The material was 
then filtered by suction and washed with acetone. The free acid was 
obtained by dissolving the salt in 10 ml. of 10 per cent sulfuric acid and 
extracting with eight 10 ml. portions of ether. Subsequent to drying over 
sodium sulfate, the ether was removed and the product, after being dried 
in vacuo over sulfuric acid, weighed 685 mg. 

Catalytic Reduction of Acetylenedicarborylic Acid—Acetylenedicarboxylic 
acid (685 mg.) and 250 mg. of 10 per cent platinum-charcoal were added 
to 15 ml. of water, and the resulting mixture was shaken in an atmosphere 
of hydrogen at room temperature and atmospheric pressure. 2 moles of 
hydrogen per mole of acetylenedicarboxylic acid were consumed in about 
3 hours. The residue obtained after filtration and evaporation to dryness 
in vacuo was recrystallized from water. The yield of succinic acid in this 
step was quantitative, and the melting point was 185°. The over-all yield 
of C™ in succinic acid from the BaC™“O; added was 11 per cent. 


SUMMARY 
Succinic acid, labeled with C" in the carboxy] position, has been prepared 
from BaC"O; via acetylenedicarboxylic acid. 
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SEDIMENTATION, DIFFUSION, AND MOLECULAR WEIGHT 
OF CRYSTALLINE PITUITARY GROWTH HORMONE* 


By EMIL L. SMITH, DOUGLAS M. BROWN, JACOB B. FISHMAN, 
AND ALFRED E. WILHELMI 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah School 
of Medicine, Salt Lake City, and the Department of Physiological 
Chemistry, Yale University, New Haven) 


(Received for publication, September 7, 1948) 


The recent work of Fishman, Wilhelmi, and Russell (1, 2) has made avail- 
able a crystalline growth hormone isolated from the bovine anterior 
pituitary gland. It was of considerable interest to determine the sedimen- 
tation behavior of this protein in the ultracentrifuge and, at the same time, 
to obtain the molecular weight by this method. The amorphous prepara- 
tion of Li, Evans, and Simpson (3) has not been studied in the ultracentri- 
fuge, although estimations of the molecular weight have been obtained by 
other methods (3-5). 

The lyophilized samples of the crystalline growth hormone were prepared 
as already described (2). The material was electrophoretically homoge- 
neous at pH 4.0 and at pH 10.0. When the hormone was injected daily for 
10 days into hypophysectomized male rats weighing 100 gm., it produced, 
at a daily dose of 20 Y, an average increase in body weight of 15.8 gm. and, 
at a daily dose of 100 Y, an increase in body weight of 25.0 gm. The corre- 
sponding increments in the width of the proximal epiphyseal cartilage of 
the tibia were 180 uw and 207 uz. 


Ultracentrifuge Studies 


Methods—Our observations were made in the Spinco! ultracentrifuge 
designed by Dr. Edward G. Pickels. Since no description of the design, 
precision, or controls of this instrument has been given, we are presenting 
a brief account of its main characteristics. We are greatly indebted to Dr. 
Pickels for his courtesy and help in preparing this summary. 

The drive of the Spinco ultracentrifuge consists of a 110 volt, series- 
wound, brush type, electrical motor of 1.5 horse power rating, high speed 
spindle and low speed take-offs to a speed control mechanism, and an elec- 
trical tachometer. The spindle speed is 5$ times that of the electrical 
motor. The drive is kept at a safe operating temperature by a forced air 
draft and a system of water cooling for both the motor and the bearings. 

* This investigation was aided by a grant from the United States Public Health 
Service. 

1 Specialized Instruments Corporation, Belmont, California. 
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Heating of the rotor is kept to a minimum by operating it in a vacuum 
chamber at pressures below 1 y and by interposing a non-conducting bush- 
ing of bakelite between the rotor and the drive shaft. The complete drive 
is mounted on shock-absorbing neoprene and the drive shaft itself is of 
spring steel 0.1 inch in diameter. This permits the rotor to be self-balanc- 
ing and insures an almost complete absence of rotor vibration, which is 
desirable for undisturbed sedimentation and accurate photographic meas- 
urements. Disturbance from building vibrations is minimized by mounting 
the light source and the complete optical system rigidly with respect to the 
vacuum chamber and a surrounding barricade and floating this entire 
assembly on neoprene shock mounts. 

The rotor is of duralumin and has a maximum diameter of 7.25 inches. 
Being made of a material with high thermal conductivity, the rotor is ideal 
from the standpoint of minimizing any temperature gradients which might 
cause convection within the solution under study. The dimensions of the 
rotor and cell are patterned after those found most suitable for routine work 
by Svedberg and his associates. The fluid column of 15 mm. maximum 
length (measured radially) is at a mean distance of 65 mm. from the axis of 
rotation. The heating of the rotor is normally of the order of 1° per hour. 
The temperature of a run is taken as the mean of starting and final tem- 
peratures measured with a contact thermocouple (copper-constantan) and 
a commercial meter having a sensitivity of 1 millivolt for full scale deflec- 
tion. Temperatures are measured to within 0.2°. 

The optical system is of the Philpot-Svensson type employing a cylin- 
drical lens and an inclined bar 1/16 inch wide. The total length of the 
system is slightly less than 3 meters. To eliminate parallax, light from 
the slit source is passed through the rotor by a collimating lens. A con- 
densing lens above the rotor converges the light back into focus to form an 
image of the slit at the inclined bar. To avoid readjustment of the optical 
system for different wave-lengths all lenses are color-corrected, except the 
cylindrical lens, for which the chromatic errors are negligibly small when the 
system is separately calibrated for the different wave-lengths used. The 
displacement of a sharply defined boundary from the meniscus can be de- 
termined with an accuracy of 0.1 or 0.2mm. Accurate determinations of 
the base-line and also the distance of the meniscus from the axis of rotation 
are made possible by two reference holes in the counterbalance. One of 
these shows above and the other below the fluid column in the sedimentation 
photographs. 

Sedimentation during acceleration is kept to a minimum by virtue of the 
rapidity with which the rotor is accelerated. With a full accelerating current 
of 15 amperes it reaches 60,000 r.P.M. in less than 7 minutes. It can be 
decelerated to rest in approximately the same length of time. Operating 
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speeds are kept constant by a speed control device and it provides for the 
selection of any one of thirty different speeds, ranging from 12,590 to 
74,070. In the speed control mechanism, rotary motion obtained from a 
synchronous motor and reduced by a selected gear ratio is matched through 
a differential gear and slip clutch against a low speed rotary motion from 
the drive. Any difference in speed of the two rotary motions causes move- 
ment of the differential which activates electrical switches that control the 
power to the drive. The speed may drift momentarily through a range of 
the order of +0.5 per cent of the selected speed, but the average speed over 


vw Pwr 


Fic. 1. The upper curves (A) are the diagrams of a 1 per cent solution of the sedi- 
menting growth hormone obtained in glycine buffer of pH 9.49 and at an ionic strength 
of 0.1 at a speed of 59,780 r.p.m. The first picture on the left was taken 20 minutes 
after attaining full speed; subsequent photographs were made at 16 minute intervals. 
The lower curves (B) are the patterns obtained in acetate buffer at pH 4.03 and at an 
ionic strength of 0.1. The photographs were taken 32 minutes after attaining full 
speed (59,780 r.p.m.), and at 8 minute intervals thereafter. The patterns show two 
sedimenting particles where the heavier material apparently is an aggregate of the 
original hormone. The arrow indicates the direction of sedimentation from the 
meniscus. 


a period of 15 minutes or more is controlled with an accuracy of about 0.1 
per cent. An independent check of the speed is made by timing a revolution 
counter, which is attached directly to a low speed take-off from the drive. 

The timings of the photographs and the exposure are controlled auto- 
matically by means of adjustable cams operated at reduced speed by a 
synchronous motor. ‘The accuracy is within about 1 second. 

Results—Fig. 1 shows the results of two typical runs on the crystalline 
growth hormone. The upper diagrams illustrate the sedimentation pattern 
for a run made in glycine buffer. In the alkaline solution at about pH 9.5, 
the protein sediments with the characteristic boundary of a single molecular 
species, and no inhomogeneity could be detected. The behavior of the 
protein in acetate buffer at about pH 4 is quite different (lower curve of 
Fig. 1). In addition to the component observed in alkaline solution, there 
are present variable amounts of a more rapidly sedimenting particle. It is 
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noteworthy that Li (4, 5) has already reported that at this pH the hormone 
shows viscosity changes indicative of an increase in molecular weight. 
Table I summarizes the results obtained. Both components observed 
in the acetate buffer give variable sedimentation constants. In contrast 
to these findings, the five independent determinations made in glycine buffer 


yield values in close agreement with one another. The average value for 


Sx, is 3.60 + 0.10 X 10-%. The observations made at different protein 
concentrations do not show any significant variation in the sedimentation 
constant. 


TABLE I 
Sedimentation of Crystalline Pituitary Growth Hormone 
Both the glycine and acetate buffers were 0.1 ionic strength. The temperature 
is the average for the duration of the run. The values of S.,,, incorporate the usual 


corrections for the density and viscosity of the medium (7). The numbers in paren- 
theses in the first column indicate the two different preparations. 

















Solvent pH pit ——— St X 1033 S20,w X 1038 
tration 
per cent a. SN 
Glycine (1)* 9.49 1.0 26.4 4.01 3.62 
ew 9.35 0.5 26.2 3.67 3.38 
7 9.70 1.2 FF 14.9 3.13 3.73 
o 9.55 0.6 21.0 3.60 3.70 
- 9.67 0.3 19.9 3.38 3.55 
0.4 m (NH,)2S0, (2) 5.81 1.0 24.2 3.09 3.26 
Acetate (1) 3.85 1.0 26.1 4.07 3.65 (28%) 
| | 13.1 11.8 (72%) 
ae 4.03 | 1.0 | 24.5 | 3.32 3.09 (57%) 
| | 6.85 6.15 (43%) 
« @)t 4.03 | 1.0 | 25.1 | 2.79 2.56 (50%) 
6.23 (50%) 


| 6.79 

* Shown in Fig. 1. 

+ This was the same as the preceding sample, but it had been allowed to stand 
overnight at 5°. 


One run in 0.4M ammonium sulfate solution indicated a single component, 
but it had a somewhat lower sedimentation constant than that found in the 
glycine buffer. However, another run in this solvent, not given in Table 
I, showed about 10 per cent of heavier material. 


Diffusion Studies 


Diffusion constants were measured in the electrophoresis cell by the 
procedure described by Longsworth (6) from photographs taken by the 
schlieren scanning method. Results were computed from the formula, 
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D = (A?)/(4rtH?), where A is the area under the curve in sq. cm., H the 
maximum height of the boundary in em., ¢ the time in seconds, and D the 
diffusion constant in sq. cm. per second. 

Two separate runs at a protein concentration of 0.7 and 1.1 per cent, 
respectively, were performed at 1.5° in glycine buffer at pH 9.6 and at an 
ionic strength of 0.1. Each run was carried out in duplicate, both halves 
of the cell being used separately. From five to seven photographs were 
taken at intervals from about 7 to 50 hours. Plots of 1/H against ¢t gave 
excellent straight lines passing through the origin, indicating that no bound- 
ary disturbance had occurred. 

The average value for the first run was D;5.¢ = 4.01 X 10-7, and for the 
second run 4.00 X 10-7. The values for Dso,,, were found by correcting for 
the temperature and viscosity differences in the usual manner (7). We 
obtained Doo. = 7.37 and 7.35 X 10-7, giving an average of 7.36 * 107 
sq. em. per second. 

The diffusion constant found for the crystalline hormone is in good agree- 


ment with the Dy. = 7.15 X 1077 obtained by Li (4) with the amorphous 
preparation. 


Molecular Weight 


This was calculated from the usual sedimentation-velocity formula (7) 
where M = RTs/D (1 — Vp), with the average values for s and D reported 
above and V = 0.76 as found by Li (4). The molecular weight of the 
growth hormone is found to be 49,200. 

Our result may be compared with the various estimates of the molecular 
weight obtained by other methods. Li, Evans, and Simpson (3) found 
44,250 by osmotic pressure measurements; Li (4) reported 39,300 from 
diffusion-voscosity measurements, and an average value of 47,300 from 
amino acid analysis (5). It is apparent that the molecular weight obtained 
by the sedimentation-diffusion method is in best accord with the results 
found by analysis, although all of the methods are in fair agreement. 


SUMMARY 







1. The crystalline growth hormone obtained from bovine anterior pitui- 
tary glands is completely homogeneous in alkaline solutions as observed by 
its sedimentation behavior in the ultracentrifuge. In acid solutions, about 
pH 4, the protein tends to produce aggregates of larger size. 

2. From the sedimentation constant, S2,.. = 3.60 X 10~, and the diffu- 
sion constant, Doo. = 7.36 X 107’, the molecular weight of the hormone 
has been computed to be 49,200. 
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The recent papers by Cori and his coworkers have stimulated interest in 
the hexokinase reaction in tissue extracts from normal and pathological 
animals. 

Our interpretation of this work pertinent to the subject of this paper is 
as follows: (1) Rats injected with alloxan yield muscle extracts which show 
an initial lag of hexokinase activity of 10 to 15 minutes duration, owing to 
the presence in muscle from diabetic animals of a labile inhibitory factor 
from the pituitary gland (1). (2) The initial slow phase in muscle extractis 
from alloxanized rats is abolished by the prior addition of insulin (2). (3) 
The addition of Upjohn’s adrenal cortical extract (ACE) to muscle extracts 
from alloxanized rats often markedly intensifies the initial slow phase of the 
hexokinase reaction. This is presumed to be caused by an intensification 
of the inhibitory action of the pituitary factor present in diabetic tissue. 
This added effect of adrenal cortical hormone is always prevented by the 
| prior addition of insulin (2, 3). (4) Muscle extracts from alloxanized ani- 
| mals subject to mild aging (45 to 270 minutes at 0°) are not affected by the 
| addition of ACE. The hexokinase reaction is similar in rate to that ob- 

tained with fresh extracts in the presence of insulin. Presumably a labile 
| factor is lost during the aging process; in this respect it resembles a factor 
| present in preparations from the anterior pituitary gland (3). (5) Ina 
series of thirty rats given alloxan, and considered to be diabetic, fifteen 
yielded muscle extracts which, in the presence of ACE, gave rates of the 
hexokinase reaction which ranged from 24 to 79 per cent of those obtained 
with the same extracts in the presence of ACE + insulin. These decreases 
of hexokinase rate were considered significant (3). 
| We report in this paper similar experiments on tissue extracts from normal 
| rats and alloxanized rats. 
Methods 
Rats—The white rat was used throughout. In early experiments selec- 
tion as to strain, source, weight, environment, etc., was not rigid. In later 
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experiments groups of rats were carefully selected to make these factors as 
uniform as possible. The animals were fed ad libitum on standard rat food 
pellets. 

Alloxanization—The rats were injected intraperitoneally with 200 mg. of 
alloxan per kilo. Weight, food intake, urine volume, glucose excretion per 
day, and the appearance of ketone bodies in the urine were followed. The 
blood glucose was determined immediately before an experiment. The 
alloxanized rats used in the experiments fall in two groups: (1) alloxanized 
3 to 20 days (average 7 days) before use; (2) alloxanized 48 hours before use. 

Preparation of Tissue Extracts. Muscle—The rats were decapitated and 
the muscles removed from the hind legs as rapidly as possible and collected 
onice. In the cold room the muscle was blotted with filter paper, weighed, 
and minced lightly with scissors on a cold porcelain plate. The mince was 
ground in a mortar with a small amount of sand for 4 minutes, 3 volumes of 
water (0°) being added in small portions during the grinding. The suspen- 
sion was centrifuged for 3 minutes at 3000 R.P.m. and then strained through 
cheese-cloth. In separate reaction vessels were added, in order, 0.2 ml. of 
0.45 m NaHCOs, 0.2 ml. of Upjohn’s adrenal cortical extract (where indi- 
cated), 0.2 ml. of an insulin solution containing 30 units per ml. (where indi- 
cated), 2.4 ml. of extract, 0.2 ml. of 0.25 m MgCl. This completed the 
preparation of the samples at 0°. 

Every effort was made to cut the preparation time to a minimum and to 
maintain the preparations at a low temperature. In the great majority of 
cases the ice-cold extract, prepared as above, was placed in a bath at 30° 
within 15 minutes after the decapitation of the rat; in no case did this time 
exceed 18 minutes. These precautions were taken to minimize the destruc- 
tion with time and temperature of any possible labile factors present in the 
muscle. 

Kidney—The kidney extracts were prepared in the same way except that 
5 volumes of water were used. The kidneys were kept at 0° for about 30 
minutes before the extract was prepared; 7.e., during the time the experi- 
ments with muscle were started. 


Measurement of Hexokinase Reaction 


Initiation of Reaction—The reaction vessel containing the extract pre- 
pared as above was placed in a bath at 30° and gassed with 95 per cent N2 
and 5 per cent CO,. 5 minutes later 2 ml. of the following medium were 
added: 0.016 m ATP,! 0.010 m glucose, 0.03 m NaHCO, and (omitted in 
some experiments) 0.06 m NaF. The final concentrations in the reaction 
system were as follows: 0.030 m NaHCO, 0.010 m MgCh, 0.024 m NaF, 


1 Adenosine triphosphate. 
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0.004 m glucose, 0.0064 m ATP; when present, insulin 1.2 units per ml., 
ACE 0.04 ml. per ml. The vessels were shaken at a moderate rate during 
the subsequent course of the experiment. 

Glucose Analysis—Exactly 1 minute after the addition of ATP-glucose 
medium the first sample was taken for analysis. This is the zero time 
recorded in all tables. Further samples were taken as indicated in the 
tables. 

The 0.5 ml. samples were added to iced solutions of 2 ml. of 5 per cent 
ZnSO.; Ba(OH)2 was then added to give a neutral filtrate. Control experi- 
ments showed that no organic phosphate appeared in the filtrates. The 
solutions were diluted to 10 ml. and aliquots analyzed for glucose by the 
Benedict method. 

Formulation of Data—The regression coefficient of glucose on time was 
calculated by conventional statistical methods. This gives the hexokinase 
activity expressed as the rate of decrease of glucose which is expressed as 
1000 X micromoles of glucose per ml. of extract per minute. The statistical 
presentation of the data follows closely the methods outlined by Snedecor 
(4). 

The following abbreviations are used in the statistical presentation: N = 
number of observations; o = standard deviation; s.z. = standard error; 
X = mean; A = difference; d.f. = degrees of freedom; ¢ = Fisher’s ratio 
for determining the level of significance; F = Snedecor’s variance ratio for 
determining the level of significance. 

Reagents—Two adenosine triphosphate preparations were used: one pre- 
pared from rabbit muscle as the Ba salt according to Kerr (5); the other a 
commercial preparation from the Schwarz Laboratories, New York. 

The insulin used was a Lilly amorphous preparation. Adrenocortical 
extract was obtained from The Upjohn Company.? The extract was con- 
centrated to about half the original volume by evaporation in vacuo in order 
to remove the alcohol which is present as a preservative, and rediluted. 
Glass-distilled water was used in all experiments. 


Hexokinase Reaction in Muscle Extracts from Normal and Alloxanized Rats 


In the first series, a group of nine rats which had received alloxan 3 to 20 
days prior to the experiment was used. Six rats from the same batch were 
used as controls. The data are shown in Table I. All samples contained 
ACE. In addition others contained insulin, or were ‘“‘aged”’ at 30° for 30 
minutes. 

Effect of Insulin—Within groups, there is no effect, as indicated by the 
non-significant values of F, in either normal or alloxanized rats. Further- 


2 We are indebted to Eli Lilly and Company and The Upjohn Company for their 
generous donation of these preparations. 
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more, within rats there is no ACE + insulin extract which exceeds its 
ACE control by the fiducial interval of 37. 

Effect of Aging—The possibility of the existence in the extracts of a labile 
inhibitory factor which would be destroyed by mild aging at 30° for 30 
minutes was tested. There is no indication from the group means that this 
aging process has any effect in normal or alloxanized rats. Within rats, a 
single “ACE, aged” extract in the alloxanized group gave a hexokinase rate 
exceeding its ACE control by the fiducial interval of 37. In the normal 
group, two “ACE, aged” extracts were higher, and only one lower by 37 
than their respective controls. No significance is attached to these findings. 

Effect of Alloxanization—There is no indication from the group means 
+ s.E., as well as the F value of the combined groups, that alloxanization 
has any effect on the rate of the hexokinase reaction. The variances of the 
normal and alloxanized groups are significantly different (F = 2.42; P < 
0.05, > 0.01). This significantly greater variability of the alloxanized 
group remains unexplained; it was not encountered again in our experi- 
ments. However, x square tests show that all subgroups are homogeneous. 

Blood Sugar, Glycosuria, and Hexokinase Rate—The difficulties of deter- 
mining the diabetic state of alloxanized rats is well known. However, with 
high blood sugar as a rough index, significant glucose excretion, or both, we 
conclude that eight of these nine rats (Rat 2 being excepted) were diabetic. 
There is no correlation between the extent of departure from normality as 
indicated by these criteria with the rate of the hexokinase reaction, the 
effect of insulin, or aging. 


Hexokinase Reaction in Muscle Extract from Rats 48 Hours after 
Alloxanization 


Rats were carefully selected for similarity in weight, strain, environment, 
feedings, etc., and used 48 hours after alloxanization. The data are shown 
in Table II. Of the alloxanized group, only Rat 1 showed no hyperglycemia 
or glycosuria. 


Effect of ACE, or ACE Plus Insulin 


Normal Rats—The F value indicates a significant difference among the 
groups due to the fact that the ACE + insulin group is different from the 
plain and ACE groups. This is an unusual finding and raises a difficulty 
in the subsequent evaluation of the data. 

Alloxanized Rats—The means show no effect of ACE or ACE + insulin. 
In no case within rats does a single extract with ACE or ACE + insulin 
show a significant difference from its plain control. 

Effect of Alloxanization—The table of differences shows that taken sepa- 
rately the plain and ACE groups of the normal and the alloxanized rats give 
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high, but not significant ¢ values. When these two groups are pooled, 
there is a significant difference between the normal and the alloxanized 
series. However, the normal ACE + insulin is not significantly different 
from any combination of alloxanized groups. These ambiguous results 
make interpretation of the data difficult. Conservatively, it can be con- 
cluded that the data show a tendency for alloxan to diminish the hexokinase 
reaction, but final decision must depend on further evidence. 


Tas_eE III 
Hexokinase Reaction in Extracts of Muscle from Normal Rats and from Rats 48 Hours 
after Allozanization; Adrenal Cortical Extract and Insulin Omitted 
Bicarbonate, ATP, glucose, NaF medium; gas phase N; + 5 per cent CO; tempera- 
ture 30°. The values given are the rates of decrease of glucose calculated from two 
analyses at 0 and 30 minutes. 























ae | Normal rats | Alloxanized rats 
at No. Cs . = seicitenaianes 
| Rates | Blood sugar | Glycosuria Rates 
| 1000 X micromoles | | 1000 X micromoles 
per ml. | me. per 100 ml. gm. per 24 hrs. | per ml. 
extract per min. | extract per min. 
1 133 | 135 0.1 150 
2 70 | 913 0.0 130 
3 193 | 554 0.5 130 
4 | 201 | 132 0.1 210 
5 | 120 | 471 | 0.9 140 
6 113 202 0.7 180 
7 | 138 | 108 0.1 80 
8 | 150 552 0.0 100 
9 | 157 510 0.1 | 120 
10 e us 08 | 0 
11 13 «=| S470 0.1 | 184 
12 107 | | 
ie... 125 125 
Variance. ....... | 3044 2953 
| 


s.E. of mean..... | 16 | 17 


A third series of rats (Table III) selected for similarity in weight, environ- 
ment, and strain was tested 48 hours after alloxanization. A similar group 
was used for controls. Eight out of eleven alloxanized rats had blood 
sugars higher than 200 mg. per 100 ml. Glycosuria was low in all cases. 
Since we had failed to show any effect of ACE or ACE + insulin in previous 
series, the experiment was limited to a comparison of the rates without 
these additions. The data are strikingly similar in means and variances, 
showing that alloxanization had no effect on the hexokinase reaction in this 
series. 
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Hexokinase Reaction of Muscle Extracts from Rats 48 Hours after 
Alloxanization in the Presence of ACE; Sodium Fluoride 
Absent in Reaction Medium 


Of a group of twenty-four selected rats, twelve were given alloxan 48 
hours before the experiment. All of the alloxanized rats showed glycosuria 
or hyperglycemia. The assay of hexokinase in the muscle extracts was 


TABLE IV 


Hexokinase Reaction in Extracts of Muscle from Normal Rats and from Rats 48 Hours 
after Alloxanization; No Sodium Fluoride in Medium, Adrenal 
Cortical Extract Present in All Samples 


Bicarbonate, ATP, glucose medium; gas phase Nz + 5 per cent CO2; temperature 
30°. The values given are the regression coefficients + s.E. of the regression cal- 
culated from four determinations of glucose at 0, 5, 25, and 30 minutes. 











Normal rats | Alloxanized rats 
Rat No. — 
Rates Blood sugar | Glycosuria | Rates 
1000 X micromoles per mg. per 100 | gm. per 24 | 1000 X micromoles per 
ml. extract per min. ml. hrs. | ml. extract per min. 
1 135 + 10 147 | 0.1 172 + 6 
2 106 + 14 598 0.0 117 + 5 
3 131 4+ 5 396 | 1.0 130 + 13 
4 7 + 8 368 | 06 | 165+ 7 
5 122 + 21 | 162 0.3 163 + 10 
6 | 1524+ 8 | 487 1.6 123 + 8 
7 | 126+ 7 | 358 2.4 1382 + 9 
s | 48+ 0 | 152 0.1 158 + 8 
9 | 1144+ 8 | 1.9 98 + 14 
10 | 157 + 12 | 340 ins 186 + 17 
11 | 208+ 3 | 382 0.4 164+ 9 
12 | 142 + 11 109 0.1 | 132 + 19 
| | 
od a5, 136 145 
Variance.......... 841 | 700 
Pooled variance of | | (11)? 


regression error | | | 


made in the absence of NaF’; otherwise, the medium was the same as that 
hitherto used. | 
The data are shown in Table IV. There is no indication, on comparison 
with the control group, that the diabetic state brought about by alloxan 
has influenced the hexokinase rate. Comparison with the previous series 
carried out in the presence of NaF shows that omission of this reagent has 
no effect in rat muscle extracts on the assay value of the hexokinase reaction. 
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Hexokinase Reaction in Kidney Extracts from Normal and Alloxanized Rats 


Extracts similar to those prepared from muscle from the kidneys of the 
rats included in Table I were used to determine the hexokinase reaction in 
the presence of ACE and ACE + insulin. The data are shown in Table V. 


TABLE V 


Hexokinase Reaction in Extracts of Kidney from Normal and Alloxanized Rats; Ad- 
renal Cortical Extract Present in All Samples 


Bicarbonate, ATP, glucose, NaF medium; gas phase N2 + 5 per cent CO2; tempera- 
ture 30°. The values given are the regression coefficient + s.z. of the regression 
calculated from five determinations of glucose at 0, 5, 10, 20, and 40 minutes. The 
rats correspond to those included in Table I. 

The rates are expressed in 1000 X micromoles per ml. of extract per minute. 




















Normal rats Alloxanized rats 
Rat No. oe ee saat 
ACE | ACE + insulin ACE ACE + insulin 
1 S2+18 | 5 +19 | 74412 | 67412 
3 68+ 7 |} 454 4 50+ 8 37 + 13 
4 51 + 16 82 + 16 55 + 24 314+ 9 
5 524 5 | 424+ 4 | 100+ 10 | 824 2 
6 | 8 +15 | 61+ 12 | 6+ 8 | 39+ 14 
7 544+ 9 | 51 + 26 
} 
PNR 5 Ul. cdlaed Oe ae 68 57 62 | 51 
ea) re 8 | §8 8 = 
Variance; all groups 
nS ih a anes ne go 
| | 
oe — acn Sila 
TT eee re ee | 3 286 
EE re ee 16 418 
ee rte ee el oY 0.69* 
Pooled variance of regression error....... 66 (13)? 


Fiducial interval between two extracts | 
from same rat (P = 0.05) = 37 | 


*P > 0.05. 


It is obvious that the groups are similar with respect to means and var- 
iances and that neither alloxanization nor insulin has any effect upon 
the hexokinase reaction. Furthermore, no single extract with ACE + in- 
sulin exceeds its control with ACE alone by the fiducial interval calcu- 
lated from the pooled regression error. 
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Initial Lag in Hexokinase Reaction 


The data from the experiments in Table I make it possible to determine 
whether or not the addition of ACE to a muscle extract from alloxanized 
rats produces an initial slow phase owing to the intensification of an inhibi- 
tory factor. It is also possible to test whether the further addition of 
insulin eliminates such action of a hypothetical inhibitory factor. Any such 
lag would appear upon comparison of the rates in the early and late periods 
of the experiment. From the data in Table VI the following conclusions 
are drawn. (1) The pooled error of estimate about the regression line 
averages 3.7 to 5.0 per cent of the mean glucose level during the period of 
observation. (2) Within groups there is no indication that the means of 
the rates of either the ACE or the ACE + insulin groups are different dur- 
ing the 0 to 20 minute and the 0 to 40 minute periods. (3) Within rats, 
there is no case, either with ACE or ACE + insulin, in which the initial 
rate is less by the fiducial interval than the over-all rate. In other words, 
the data reveal no evidence for any initial lag period in any category. 

Examination of other series not included in Table VI also shows no evidence 
of any initial lag period in extracts with or without ACE, ACE + insulin, 
or insulin. 

The authors emphasize that comparison of experiments with tissue ex- 

tracts in different laboratories is difficult. Unrecognized variations of 

methods of preparation of the extract and subsequent assay may be im- 

: portant causes of discrepant results. Differences of rat strains, variation 

of resistance to alloxan, etc., must also be considered. It is possible that 

the degree of diabetes induced in this series was insufficient to alter the 

hexokinase reaction. Nevertheless, it is difficult to understand, if depres- 

sion of the hexokinase reaction occurs in diabetic rats, why muscle or 

kidney extracts from forty-one alloxanized rats failed to show, either by 

comparison of groups of rats or by intercomparison of extracts from the 
same rat, any statistical evidence of such alteration. 
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SUMMARY 


1. The hexokinase reaction was measured anaerobically by the rate of 
decrease of glucose at 30° in a system containing tissue extract, bicarbonate, 
adenosine triphosphate, glucose, magnesium, and sodium fluoride. 

2. Extracts of muscle from normal rats and from rats 3 to 20 days after 
alloxanization were tested. No significant effect of adrenal cortical extract 
or adrenal cortical extract + insulin was observed in either normal or 
alloxanized rats. The diabetic state induced by alloxan did not alter the 
rate of the hexokinase reaction when compared to that of the control groups 
of rats. 


3. Extracts of muscle from rats 48 hours after alloxan showed no effect 


gression COC Y 4 
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0-40 
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of adrenal cortical extract with or without insulin. The hexokinase activity 
of these diabetic rats was not significantly different from that of the normal 
controls. The tendency toward lower rates observed in one series of allox- 
anized rats was not observed in three other series. 

4. The hexokinase reaction in muscle extracts in the presence or absence 
of sodium fluoride was essentially the same. No difference between the 
hexokinase reaction in extracts from normal and alloxanized rats could be 
demonstrated by the omission of fluoride. 

5. No initial slow phase of the hexokinase reaction was observed in ex- 
tracts of muscle from normal rats, alloxanized rats, or in extracts of kidney 
from normal or alloxanized rats. In addition, muscle extracts from normal 
or alloxanized rats when aged for 30 minutes at 30° were not different from 
controls when tested for hexokinase activity in the presence of adrenal 
cortical extract. By these criteria, the data fail to demonstrate the presence 
in normal or diabetic tissues of a labile inhibitory factor which is intensified 
in action by adrenal cortical extract. 

6. The summation of the data presented in this paper fails to show any 
alteration of the hexokinase reaction in muscle or kidney extracts from 
diabetic rats when compared to normal controls. 


We wish to express our grateful appreciation to Mrs. Phyllis Stapley 
Tuddenham for her painstaking care in the performance of much of the 
analytical work reported in this paper. 
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THE METABOLISM OF CURIUM IN THE RAT* 


By KENNETH G. SCOTT, DOROTHY J. AXELROD, 
aNd JOSEPH G. HAMILTON 


(From the Divisions of Radiology and Medicine, Crocker Laboratory, and the Division 
of Medical Physics, University of California, San Francisco and Berkeley) 


PLATES 1 AND 2 
(Received for publication, August 2, 1948) 


The heaviest of the known elements is curium, which was recently dis- 
covered by Seaborg and his associates (1). This new element can be pro- 


duced by the a-particle transmutation of plutonium by the following re- 
action. 


uPu%® -+ sHet —> Cm? + on! 


This isotope of curium is radioactive and decays by the emission of an 
a-particle to form Pu?®* which, in turn, is also radioactive. Cm has a 
half life of 150 days and its radioactive daughter, Pu, has a half life of 
50 years. This isotope of plutonium decays by the emission of an a-particle 
to form U** which has a half life of 233,000 years. 

Shortly after the organization of the Atomic Energy Project, it became 
apparent that formidable problems would be presented as the result of the 
release of nuclear energy. One of the most urgent of these was the hazard 
presented by the production of large quantities of the radioelements created 
by the fission of uranium and the coincidental formation of neptunium and 
plutonium. In an attempt to evaluate the potential danger presented by 
these radioelements from the chain-reacting pile, a large series of metabolic 
studies with experimental animals was undertaken in a number of labora- 
tories working upon the atomic energy program. These studies, which 
have been briefly summarized elsewhere (2), included a series of investiga- 
tions on the metabolism in the rat of the more important members of the 
fission products in the carrier-free state, as well as most of the heaviest 
elements at the end of the periodic table. These studies made it possible 
to predict on a semiquantitative basis the potential hazards that this large 
number of radioactive elements might present should they gain entry into 
the body. 

Recently a description of the metabolism of americium has been reported 
in considerable detail (3). This element immediately precedes curium in 


* This document is based on work performed under contract No. W-7405-eng-48- 
A-I of the University of California under the United States Atomic Energy Commis- 
sion. 


325 








326 METABOLISM OF CURIUM 


the periodic table and is also radioactive. Americium and curium are not 
available in sufficient amounts to make them extensive hazards to those 
working in the field of nuclear energy as compared to the potential dangers 
presented by the relatively enormous quantities of plutonium and fission 
products that are produced. Americium and curium resemble plutonium 
and certain members of the fission products in their chemical and physical 
properties. An investigation into their metabolic properties was desirable 
for two reasons, first to evaluate their potential health hazard and, second, 
to compare their metabolic characteristics with those of plutonium and its 
chemical analogues. 

The tracer studies of americium have shown that this element is ac- 
cumulated principally in the liver and the skeleton following parenteral 
administration. The concentration in the liver initially accounts for 
approximately 55 per cent of the americium which is absorbed from the site 
of injection. The skeleton accumulates about 25 per cent and the remain- 
ing 20 per cent is distributed throughout the other tissues and excreta. 

A large fraction of the americium deposited in the liver is lost from that 
organ rather rapidly and at an approximately exponential rate with a half 
period of 10 days. The elimination of this element from the liver presum- 
ably takes place by way of the bile, since the amount of americium lost 
from the liver can be accounted for by the quantity that appears in the 
feces. It seems probable that very little, if any, of the americium deposited 
in the liver is reabsorbed, since the amount of this element in the skeleton 
does not change during the period that the liver content is decreasing. The 
fraction of americium taken up by the skeleton is held in that organ without 
perceptible loss for time intervals extending to nearly 1 year. The dis- 
tribution of americium in the bone has been investigated by the radio- 
autographic technique. Apparently americium is desposited primarily 
in the region of the periosteum and endosteum and about the small blood 
vessels of the cortical bone. Very little appears to be laid down in the 
mineralized structure of the skeleton. Other tissues of the body do not 
show any striking degree of localization or retention of this element. An- 
other point of interest is that americium is not absorbed from the digestive 
tract to any significant degree. 

Another group of elements has been observed to possess almost identical 
metabolic properties to those of americium. This group of elements, which 
arise from the fission of uranium and plutonium, includes the rare earths, 
lanthanum, cerium, praseodymium, and element 61 (2). It is presumed 
likely that other members of the lanthanide series of the rare earth ele- 
ments, such as neodymium, samarium, europium, gadolinium, etc., have 
similar metabolic characteristics. This presumption is based upon the 
fact that all of these elements are very much alike with respect to most of 
their chemical properties. The similarity in the metabolic properties of 
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americium to the lanthanide rare earths is duplicated to a considerable 
degree by its chemical properties. The principal valence state of ameri- 
cium is +3, which is also the principal valence state for the rare earths, and 
it forms insoluble hydroxides, phosphates, carbonates, and fluorides, as do 
the rare earths. 

The very close similarity in chemical properties of the lanthanum group 
of rare earths to one another is due to the fact that this series of fifteen 
elements, starting with an atomic number of 57 and ending with 71, has 
the outer valence electrons arranged essentially the same. The additional 
electron for each successive element goes into the inner 4f electron shell, 
which is incomplete. The very minor differences of most chemical and 
physical properties of the lanthanide series are the result of this phenome- 
non. Seaborg and his associates have pointed out that a somewhat analo- 
gous situation presumably exists in the elements at the far end of the 
periodic table, starting with element 89, which is actinium (1). The pic- 
ture is less clear cut for the first few elements of the actinide series, since 
thorium and protoactinium show considerable similarity in chemical proper- 
ties to their corresponding lighter homologues, hafnium and tantalum, 
respectively, in the classical form of the periodic table. The resemblance in 
chemical properties of uranium to its lighter homologue, tungsten, is slight 
in most respects. ‘The next two members of the actinide series, neptunium 
and plutonium, are totally unlike their respective lighter homologues, 
rhenium and osmium, in the conventional periodic table. With uranium 
there appears a +3 valence state. While not normally very stable, such a 
valence state does exist, and +3 uranium possesses chemical properties 
akin of those of the rare earths. The stability of the +3 state increases, 
going on to neptunium and plutonium. At the same time the higher oxida- 
tion states of uranium, neptunium, and plutonium become increasingly 
difficult to attain. The theory proposed by Seaborg predicted that ameri- 
cium and curium should demonstrate very stable +3 valence states. This 
concept has been amply borne out by the study of the chemical properties 
of these two elements, for the only valence observed in aqueous solution to 
date, with americium and curium, has been the +3 state. It is predicted 
that elements beyond curium will continue to exhibit chemical properties 
very similar to one another and to the lanthanide series of rare earths until 
element 103 is reached. At this point a sudden transition is predicted with 
the result that element 104 would be expected to resemble hafnium. This 
concept of the actinide group is based on the premise that this series of 
elements continues until all of the vacancies of the 5f electron shell have 
been filled. An analogous situation with the lanthanide group exists, 
since this series continues until the incomplete 4f electron shell becomes 
filled, at which point the last rare earth, lutecium, is followed by hafnium. 

In view of this interesting theory, which certainly has many observed 
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facts to substantiate its validity, a series of animal tracer studies has been 
undertaken with curium, which is element 96, in order to compare its 
metabolic properties with those of americium, which it so closely resembles 
in almost all of its chemical and physical properties. We are indebted to 
Professor Seaborg and his colleagues for making available to us the curium 
employed in the tracer studies which are described below. 


Method 


Adult white rats weighing from 200 to 250 gm. were employed as the 
experimental animals. Fifteen rats were each given, by intramuscular 
injection, 1 microcurie of CmCl; in a solution of isotonic saline at pH 5. 
Three animals were given the same quantity of curium by stomach tube. 
Two rats received, by intramuscular injection, 10 microcuries each. ‘These 
two animals were given a larger dose in order to have a sufficient quantity 
of curium deposited in the skeleton to make it possible to secure satis- 
factory radioautographs. The fifteen rats which received 1 microcurie 
by intramuscular injection and the three which were given the curium by 
stomach tube were divided into groups of three and each group was placed 
in a metabolism cage which permitted the separate recovery of the urine 
and the feces at daily intervals. The fifteen animals in the intramuscular 
series were sacrificed in groups of three at 1, 4, 16, 64, and 256 day intervals. 
The three animals given curium by stomach tube were sacrificed at 4 days 
and the two animals for the radioautographic studies were sacrificed at 8 
days. The animals were sacrificed by the use of chloroform. The tissues 
and organs removed for separate assay of their curium content included 
heart, lungs, liver, kidneys, spleen, digestive tract, muscle, skin, testes, 
brain, blood, and bone from the uninjected hind leg. The injected leg 
was removed and assayed separately so as to determine the fraction of ad- 
ministered curium which had not been absorbed from the site of adminis- 
tration. The individual tissues, injected leg, urine, and feces were dried 
at 100° for 24 hours and ashed at 500° for 48 hours. The skinned carcass, 
which consisted primarily of the skeleton, muscle, fat, and blood, was dried 
and ashed as a unit. The skeleton of the carcass was separated from the 
soft tissue and ashed by sifting the material through a fine screen. The 
curium was separated from the tissue and excreta ash by coprecipitation 
with lanthanum fluoride and its radioactivity determined. The procedures 
employed were identical to the methods of assay used for the experiments 
with americium (38). 

The femurs from the two animals given curium by intramuscular injection 
for radioautographic studies were sectioned by a histological technique 
which has been described elsewhere (4). The technique employed made it 
possible to cut undecalcified sections from 4 to 8 yw in thickness. These 
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sections were then placed in contact with photographic film in order to ob- 
tain the radioautographic pattern of distribution of curium in the tissue. 


Results 
The average values for the distribution of curium in the various tissues 
and excreta at the 1, 4, 16, 64, and 256 day intervals are shown in Table I. 
These data give the actual measured values, including the fractions re- 


TABLE I 


Deposition of Curium in Tissues of Rat after Intramuscular Administration 
into Left Leg 


The values given are in per cent of the dose administered and are averages for 
three rats at each time interval. 








Tissue | 1 day 4 days 16 days 64 days 256 days 
| 
ba cant per per per per per 
per cent | per cent | cent | cent | percent | cent percent cent per cent 
| organ per |\per organ) per per per gm. per per gm. per per gm. 
| gm. gm. | organ organ organ 
Heart 0.11/0.13} 0.09 |0.01] 0.06} 0.09 | 0.02 0.03 
Lungs | 0.25)0.19} 0.19 j0.13) 0.13) 0.11 | 0.11 0.07 0.08 0.02 
Spleen | 0.08/0.16} 0.10 |0.17] 0.10) 0.24 | 0.09 0.20 | 0.09 0.15 
Blood ; 0.16/0.01;<0.001 0.01;<0.001) 0.01 <0.001 0.01 <0.001 
Liver | 51.4 16.70] 38.1 |5.70/18.0 | 2.83 | 2.14 0.23 0.95 0.10 
Kidney | 2.4411.51| 1.47 10.90] 1.00| 0.69] 0.69 0.36 | 0.41 0.19 
Gastrointestinal | 2.77/0.19} 5.48 |0.35] 1.39] 0.06 | 0.20 0.01 | 0.07, 0.002 
tract 
Bone | 21.6 1.18} 27.9 |1.40|25.6 1.54 {21.1 1.07 |19.0 be 
Muscle 1.86)0.02} 1.20 10.02) 1.63} 0.02 | 0.90 0.01 | 0.41) 0.003 
Left leg* | 16.0 15.0 10.8 5.91 | 4.80 
Skin | 1.63/0.07} 1.34 |0.06| 0.94) 0.03 | 0.31 0.01 | 0.08 0.003 
Urine 1.47 1.22 5.10 1.34 | 5.23 
Feces 2.46 17.7 32.1 50.6 (60.2 | 
Recovery of in- 102.2 109.8 96.8 \s3.4 91.4 
jected dose, % 




















* The curium remaining in the left leg represents the unabsorbed fraction of the 
injected dose. 


maining unabsorbed in the hind leg, which was the site of injection. The 
recovery value for each group indicates the fraction of the administered 
curium which could be accounted for by the assay procedures employed. 
Table II presents the same data which have been corrected for the fraction 
of curium remaining unabsorbed in the injected leg and the deviation of 
the recovery value from 100 per cent. In Table II there has been added 
to the values for the skeleton twice the amount of curium present in the bone 
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of the uninjected leg. This additional correction was made necessary 
because the injected leg contained a considerable amount of unabsorbed 
curium and was therefore assayed separately. The opposite hind leg was 
removed from the carcass for a separate assay which could be compared 
with the activity found in the remainder of the skeleton. 

The high degree of deposition in the liver and skeleton is the most 
striking finding noted in this series of studies. An examination of Text- 


TaBLeE II 

Deposition of Curtum in Tissues of Rat Corrected for Recovery and for Unabsorbed 
Balance at Injection Site 

The values are averages for three rats at each time interval. 


Tissue 1 day 4 days 16 days 64 days 256 days 
per. cen a per cent ted ja per cent ca per cent coe per cent 
organ per per organ per per per gm. per per gm. per per gm. 
gm. gm. organ organ organ 
Heart 0.13)0.15 0.09 0.11 0.07, 0.10 , 0.03 0.04 
Lungs 0.2910.22, 0.20 0.14 0.15, 0.13 | 0.14; 0.09 0.09, 0.02 
Spleen 0.0910.19| 0.11 0.18 0.12, 0.28 | 0.12; 0.26 | 0.10) 0.17 
Blood* 0.19}0.01 <0.001 0.01 <0.001' 0.01 <0.001) 0.03 <0.001 
Liver 59.6 17.77, 40.2 6.01 20.9 3.29 | 2.76, 0.30 | 1.10; 0.12 
Kidney 2.83)1.75, 1.55 0.95 1.16) 0.80 0.89) 0.46 | 0.47) 0.22 
Gastrointestinal 3.21/0.22, 5.78 0.37) 1.61) 0.07 | 0.26: 0.01 | 0.08) 0.002 
tract 

Bonet 25.1 |1.37, 29.4 |1.4829.7 1.79 |27.2 | 1.388 |21.9 1.35 
Musclet 2.16/0.02, 1.27 0.02, 1.89 0.02 1.16 0.01 | 0.47; 0.003 
Skin | 1.89/0.08 1.41 0.06 1.09, 0.03 .40; 0.01 0.09; 0.003 
Urine | 1.71 1.29 5.92 1.73 6.04 
Feces | 2.85 18.7 37.3 65.3 69.6 








* The blood was calculated to be 7 per cent of the total body weight. 

+ The entire skeleton was measured after separation from the balance with a fine 
mesh screen. 

t The muscle was calculated to be 45 per cent of the total body weight. 


fig. 1 shows that most of the curium accumulated by the liver disappears 
from that organ quite rapidly. However, the fraction of curium deposited 
in the skeleton appears to be fixed to a remarkable degree. The bone 
retention curve, shown in Text-fig. 1, suggests that more than 500 days 
would be required for the rat to eliminate one-half of the curium deposited 
in the skeleton from the 4th day after injection. The variations in curium 
content of the skeleton from the 1 to 256 day intervals, after the appropriate 
corrections were made, are felt to be within the range of the experimental 
error. The kidney and spleen were the only other tissues observed that 
appeared to possess any significant tendency for the preferential accumula- 
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tion of curium. The excretion of curium takes place primarily by way of 
the digestive tract, and after most of this element stored in the liver has 
been released by that organ, the rate of elimination falls to a very small 
value, as can be seen in Text-fig. 2, which presents the change in the daily 
rate of excretion of curium in the urine and the feces with time. The values 
employed to prepare these curves were obtained from the corrected data. 
This, of course, produces some error due to the fact that an appreciable 
amount of curium is presumably absorbed from the site of injection for 
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quite some interval of time. The degree of error introduced by this ma- 
nipulation of data is felt to be trivial after the first 16 days, since it is ap- 
parent the amount of curium remaining unabsorbed after the 16 day in- 
terval neither changes very significantly at the later time intervals nor does 
it represent more than a small proportion of the total dose given. The 
correlation between content of curium in the liver and the fecal excretion is 
shown graphically in Text-fig.3. It is apparent that the removal of curium 
from the liver at the various time intervals is closely paralleled by the 
quantity of this element appearing in the feces. 

The degree of absorption of curium from the digestive tract, following 
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administration by stomach tube, was observed to be less than 0.05 per cent 
of the dose given to the animals. 

The section of femur and its corresponding radioautograph, shown in 
Fig. 1, indicate that curium is deposited in the region of the periosteum, 
endosteum, and the trabeculae. The mineralized portion of the bone 
shows deposition of curium in small spotty areas. At the magnification 
shown in Fig. 1, it is difficult to correlate the regions in which curium has 
been apparently laid down in the cortical bone with histological structure. 
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Fig. 2 shows a small area of cortical bone and the corresponding region of 
the radioautograph at a higher magnification. The deposition of curium 
in most cases is in the region of the small blood vessels located in the 
cortical bone. 


DISCUSSION 


The close similarity of the metabolic characteristics of americium to 
those of the lanthanum group of rare earths has already been discussed 
briefly. It is of interest to compare the almost identical behavior of 
americium and curium in the animal body. The three most striking meta- 
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bolic properties of these two heavy elements are their high uptake and 
comparatively rapid excretion by the liver, their deposition and prolonged 
retention by the skeleton, and the curious pattern of distribution about the 
small blood vessels of cortical bone. 

Text-fig. 4 presents the change in content of americium and curium in the 
liver and bone at the five time intervals, which extend from 1 to 256 days. 
It can be seen that the degree of differences of their content in these two 
organs is small at the corresponding time intervals. In fact, it is felt 
that the variations noted are quite possibly within the experimental errors 
common to both series of studies. Thus it has been demonstrated that the 
behavior of these two artificially prepared radioactive elements in the ani- 
mal body is essentially indistinguishable under the conditions of the ex- 
periments described in this report. 

The selective deposition of curium in the region of the radiosensitive 
bone marrow makes it a hazardous substance should it gain entry into the 
body and be absorbed. It is of interest to note that its half time in the 
skeleton of the rat is much greater than its radioactive half life of 150 days. 
It would appear probable that this new element may be expected to behave 
in a similar manner in man. 


SUMMARY 


The fate of curium has been studied in the rat at periods of 1, 4, 16, 64, 
and 256 days after intramuscular administration. 

About five-sixths of the curium is absorbed from the site of administration 
in the first 16 days after injection. Following absorption, curium is pri- 
marily deposited in the liver and skeleton. The curium present in the soft 
tissues of the body is eliminated primarily via the gastrointestinal tract. 
Curium is not absorbed to any significant degree from the gastrointestinal 
tract. Radioautographic studies show that curium is deposited in the region 
of the periosteum, endosteum, and the endosteal covering of trabecular 
bone, and in the region of the small blood vessels of the cortical bone. 
Curium is retained by the skeleton for a long period of time. The metabo- 
lism of curium and americium in the rat is very similar. 


The authors gratefully acknowledge the advice and suggestions of Pro- 
fessor G. T. Seaborg, Professor I. Perlman, and their colleagues, and the 
technical assistance of Edith Steinhauff and Patricia Wallace. 
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EXPLANATION OF PLATES 


PLATE 1 


Fic. 1. Photomicrograph of bone section and radioautograph of femur from rat 
injected with curium and sacrificed at 7 days. There is a very heavy deposit 
of curium in the region of trabecular bone below the epiphysis. The periosteal and 
endosteal surfaces show a definite accumulation of curium, and in the shaft, curium 
is deposited in a very spotty pattern. X 7. 


PLATE 2 


Fic. 2. Higher magnification of a small area of shaft and corresponding area of 
the radioautograph shown in Fig. 1. The curium deposits which are spottily dis- 
tributed in the shaft appear to be associated with blood vessels. X 60. 
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A NEW COLOR TEST FOR TRYPTOPHAN AND 
RELATED COMPOUNDS 


By HENRY TAUBER 


(From the Venereal Disease Research Laboratory, United States Public Health 
Service, United States Marine Hospital, Staten Island, New York) 


(Received for publication, September 10, 1948) 


It has been reported in a preliminary communication (1) that under 
certain conditions, at room temperature, perchloric acid converts trypto- 
phan to a yellowish green fluorescent compound. Fluorescence was found 
to be particularly strong in ultraviolet light. It has now been found that 
a small amount of bichromate very considerably increases the sensitivity 
of this reaction and that the test may also be applied to certain compounds 
which are related to tryptophan. This reaction, however, is not given by 
any amino acid other than tryptophan. Tryptophan may thus be readily 
identified in untreated proteins. 


EXPERIMENTAL 
Solutions 


Perchloric Acid—The usual commercial product, c.p., 70 to 72 per 
cent. 

Dichromate Solution—10 mg. of potassium dichromate (c.p.) in 100 ce. 
of distilled water. 

Ferric Chloride Solution—1 gm. of ferric chloride (FeCl;-6H:2O, c.p.) in 
100 cc. of distilled water. 


Color Test 


0.5 ec. of water containing 0.5 mg. of tryptophan or about 10 mg. of 
albumin (egg powder) or any other tryptophan-containing substance is 
placed in a test-tube. It is not necessary that the material to be tested 
shall be in solution. If certain indole derivatives are to be tested, they may 
be dissolved in ethyl alcohol. 3 cc. of perchloric acid and 0.1 ce. of bi- 
chromate solution are added and the contents of the tube are well mixed. 
A quite stable, intensely greenish yellow color forms immediately. Upon 
the addition of 0.1 cc. of 1 per cent ferric chloride solution, the greenish 
yellow color becomes deep reddish orange within a few minutes. For the 
detection of minute amounts of tryptophan, the addition of ferric chloride 
solution should be omitted and ultraviolet light should be employed. 

In Table I are shown typical color reactions as given by tryptophan and 
a few compounds closely related to tryptophan. All substances, however, 
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show much less intense fluorescence when treated with perchloric acid and 
bichromate solution than does tryptophan. Distinct color differences are 
displayed by the various compounds after the addition of the ferric chloride 
solution to the perchloric acid-bichromate reaction mixture. The following 
tryptophan-containing proteins gave the color reaction: casein, albumin 
(egg powder), human blood serum, pepsin, and crystalline soy bean trypsin 
inhibitor. Gelatin (Difco) and silk (U. S. P. type A-O, Product 480, 
Davis and Geck) did not give the test. A 10 mg. sample of zein in 80 per 
cent ethyl alcohol showed only very slight fluorescence, indicating the 
presence of only a trace of tryptophan. 


TABLE [ 
Color Reactions with Perchloric Acid-Dichromate and Ferric Chloride 











Color after addition of per- Color after subsequent addition 

chloric acid and dichromate | of ferric chloride 
ee ee | Greenish yellow Reddish orange 
POON fo cic oe: 5 ik Seven fissreeenes | Light yellow Intense yellow 
RE OR rie re Ld wee Ged sa ” (almost Greenish blue 

colorless) 
“<6 omeetic acid. .............] Pink Brown 
SUMMARY 


Tryptophan and related compounds give typical color reactions with the 
perchloric acid test. The amino acids, glycine, alanine, leucine, isoleucine, 
valine, phenylalanine, tyrosine, cysteine, cystine, methionine, threonine, 
proline, hydroxyproline, histidine, arginine, lysine, serine, aspartic acid, 
glutamic acid, and p-aminobenzoic acid do not give the reaction. 

Although certain phenols react with ferric chloride (as in the second part 
of this test), perchloric acid and dichromate do not give a color reaction 
with small amounts of phenols and the phenols do not form fluorescent 
compounds under similar conditions. 

Cohen (2) made the remarkable observation that, when carbohydrates 
are heated together with tryptophan for 10 minutes at 100° in 30 per cent 
perchloric acid, colored condensation products form. In his reaction 
boiling is an essential factor. The green fluorescent substances described 
herein, however, form immediately at room temperature and carbohydrates 
do not interact. 
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PHOSPHOPROTEIN PHOSPHATASE IN MAMMALIAN TISSUES* 


By ROBERT N. FEINSTEIN ano MURRAY E. VOLK 


(From the Toxicity Laboratory and the Department of Biochemistry, 
University of Chicago, Chicago) 


(Received for publication, June 25, 1948) 


In 1946 Harris (1) demonstrated the existence in frog eggs of a new 
enzyme, which he designated phosphoprotein phosphatase, capable of re- 
moving inorganic phosphorus directly from phosphoproteins without pre- 
liminary proteolysis. The significance of the occurrence of phosphoproteins 
only in food sources for the embryo and the young (e.g., casein in milk, 
vitellin in egg yolk, ichthulin in fish eggs) has never been completely ex- 
plained. Should a parallel exist between the distribution of phosphopro- 
teins and phosphoprotein phosphatase, this fact would be of the greatest 
interest in studies of normal and abnormal growth. The following report 
presents evidence for the existence of this enzyme in mammalian tissues, 
discusses some properties of the enzyme, describes a method for its assay, 
and gives some indication of its distribution in various tissues of the rat and 
in the spleen of other mammals. 


EXPERIMENTAL 


Analytical Methods—Inorganic phosphorus analyses were performed by 
the method of Fiske and Subbarow (2). Protein was determined by the 
method of Robinson and Hogden (3). This method, however, is not very 
satisfactory for frog egg homogenates, due to difficulty in preparing clear 
biuret color solutions. 

For the determination of total phosphorus and total nitrogen, a modifica- 
tion of the direct nesslerization method of Koch and McMeekin (4) was 
used. 

Biological Methods—Unless otherwise stated, the enzyme source was rat 
spleen, homogenized (5) with 5 volumes of ice-cold H,O. Casein specially 
prepared from skim milk by the methods of Van Slyke and Bosworth (6) 
and Van Slyke and Baker (7) was used as substrate; it was suspended in 
dilute alkali and homogenized for uniform distribution. Enzyme, sub- 
strate, and all other additions were brought to pH 6.0 before use. Ordi- 
narily 3 ml. of casein suspension were incubated with 0.5 to 1.0 ml. of tissue 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Chicago Toxic- 
ity Laboratory. Under the terms of the contract the Chemical Corps neither re- 
stricts nor is responsible for the opinions or conclusions of the authors. 
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homogenate and sufficient activator, inhibitor, etc., to make a final volume 
of 5.0 ml. Incubation was at 37°, and the reaction was stopped after 10 
minutes by the addition of 20 ml. of 10 per cent trichloroacetic acid. De- 
proteinized tubes were kept in an ice bath for 15 minutes before filtration 
through Whatman No. 3 filter paper. 

A few experiments were performed with frog eggs. In these cases, female 
frogs (Rana pipiens) were pithed, and the egg sacs were removed, weighed, 
and homogenized in 50 volumes of cold water. Deproteinization was per- 
formed as with spleen homogenates, except that the tubes were kept in the 
ice bath for 60 minutes before filtering. With this precaution, water-clear 
filtrates were always obtained. 3 

Evidence for Identity of Enzyme—Several experiments were performed to 
demonstrate that the action of spleen homogenates in releasing inorganic 
phosphorus from casein is a direct one, rather than a two-stage reaction of 
proteolysis followed by phosphatase action. For reasons discussed later, 
the following experiments were performed with 0.01 Mm ascorbic acid in the 
incubating mixture. 

Were inorganic phosphate being released via a pathway involving proteo- 
lytic activity, it would be expected that the addition of a large quantity of 
phosphorus-free protein would reduce the proteolysis of phosphoprotein 
simultaneously present, and hence decrease the appearance of inorganic 
phosphorus. The addition of dialyzed hemoglobin to spleen homogenate 
incubated with casein is without such effect. 

Were inorganic phosphorus being released via a pathway involving the 
action of phosphomonoesterase, it would be expected that, if an excess of 
glycerophosphate were added to an incubating homogenate, the further 
addition of casein would be without effect. This is not the case; when 
casein is added to such a system, considerably more inorganic phosphorus 
appears. 

The use of sodium fluoride, which inhibits a variety of enzymes including 
phosphomonoesterase, permits a more detailed analysis of the sources of 
solubilized nitrogen and phosphorus. The data of Table I demonstrate 
that, while fluoride sharply reduces the appearance of inorganic phosphorus, 
it is essentially without effect on the appearance of acid-soluble nitrogen, 
while at the same time there is no accumulation of organic phosphorus. 

Serine phosphate has been shown by the work of Posternak (8), Lipmann 
(9), Levene and Schormiiller (10), and others to be the basic phosphorus- 
containing unit of casein and vitellin. It would be expected that, if the 
release of inorganic phosphorus from casein proceeded over the two stages 
of proteolysis and phosphatase action, serine phosphate would serve ideally 
as a substrate. Spleen extracts, however, produce only small amounts of 
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inorganic phosphorus from phosphoserine! under conditions in which in- 
organic phosphorus is rapidly liberated from casein. 

Properties of Enzyme—To determine the possible need for cofactors for 
the activity of phosphoprotein phosphatase, the effect of boiled tissue juice 
was tested. To accentuate any possible need for cofactors, the tissue 
homogenate for these experiments was prepared with 25 volumes of cold 
water instead of the usual 5 volumes, and the incubation was conducted for 
1 hour instead of the usual 10 minutes. The tissue juice used was prepared 
from rabbit liver and spleen, minced, boiled, filtered, and brought to pH 
6.0. In the absence of ascorbic acid, boiled tissue juice caused a 46 per cent 
increase in the appearance of inorganic phosphorus. The addition of 0.01 


TABLE I 


Effect of NaF on Appearance of Acid-Soluble Nitrogen and Phosphorus from Casein 
by Rat Spleen Extract 


300 mg. casein. od Aiaele alters cae tecsens tan eee + + _ - 
0.01 mM NaF uN nak sd SETA kee PTS ORES am - + - oo 
Y Y 7 
Ieorwanre PF LOUe ; 32S pe iakeeekh oe bea haa 103 44 36 31 
es ‘“¢ formed from casein*......... : 65 11 
Total acid-soluble P found: . ..5 6 6 .065h0u 154 96 80 83 
s ‘* formed from casein*. . 70 9 
= sf Nfowiie. 6s ais 263 252 175 174 
" = ‘* formed from casein*. . 50 40 


* Corrected for initial casein content of 2y of inorganic P, 4 of total acid-soluble 
P, and 38 y of total acid-soluble N. 


M ascorbic acid caused a 150 per cent increase in inorganic phosphorus, but 
the addition of boiled tissue juice was without effect in the presence of 
ascorbic acid. 

Table II indicates the effect of various salts on the appearance of inorganic 
phosphorus, both in the presence and in the absence of ascorbic acid. 

To test the possibility of maintaining tissues in the frozen state before 
assay, a rat was sacrificed, one-half of its spleen was dropped into a freezing 
mixture of dry ice and ether, and the other half was immediately assayed, 
as described below, for phosphoprotein phosphatase activity. Approxi- 
mately an hour later, the frozen half of the spleen was thawed and similarly 
assayed. The two assay figures agreed within 2 per cent. 

Rat spleen homogenate was brought to pH 6.0 and divided into two 
portions. One part was dialyzed for 2 hours against several changes of ice- 


1 Thanks are due to Dr. Thomas B. Coolidge for a sample of barium phosphoserine. 
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cold distilled water in the refrigerator; the other part was merely maintained 
in an ice bath for 2 hours. At the end of this time, both were assayed for 
enzyme activity. The two assay figures agreed within 6 per cent. 


TABLE II 
Effect of Inorganic Salts on Appearance of Inorganic Phosphorus from Casein 


In Experiments 1 to 4 the results are expressed in micrograms as the difference 
between inorganic phosphorus concentrations before and after incubation; in Ex- 
periments 5 to 7, as total inorganic phosphorus found at the end of incubation. 
Salts were present in a final concentration of 0.02 min Experiments 1 and 2 and in a 
final concentration of 0.01 m in Experiments 3 to 7. 


5 agen ( = 
No ascorbic acid 0.01 M ascor 

















Experiment bic acid 
i Pere eee A ines cB ee 
_ MgSO,| BaCl2 CaCle|MnCle KCI | ZnCle FeSO«) NiSO«, CoCle CuCle Rand MgSO, 
1 21 29 29 19 
2 41 50 51 40 42 44 45 6 
3 24 46 42 
4 61 69 
5 162 174 
6 201 | 195 
7 35 40 69 69 
TABLE III 
Effect of Oxidizing and Reducing Agents on Liberation of Inorganic Phosphorus from 
Casein 
Inorganic phosphorus liberated from casein in presence of 
Experiment : : 5 ad 
No. Tiame None | 0.01.3 Aacorbic acid 0.01 um | 0.01 x 
H202 9.0001 u | 0.001 u | 0.005 | 0.01 | “¥Steine| KCN 
i Y i Y ¥ Y Y 
1 Frog eggs | 119 247 
2 zy * \Qie 135 307 | 
3* | Ratspleen|; 81 | 24 274 | 
4 a re 144 _ 144 170 212 196 208 
5 + -* on 198 214 
6 " nS 208 266 
7 sa 8 | 21 185 





* The values in Experiment 3 are corrected for inorganic phosphorus appearing 
in the absence of casein; other experimental data do not include this correction. 


Table III presents data indicating the strong influence of oxidizing and 
of reducing agents on the release of inorganic phosphorus. Particularly to 
be noted are the facts that (a) activation by reducing agents and inhibition 
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by oxidizing agents are characteristic of both the enzyme in frog eggs and 
that in rat spleen, (b) activation is a common property of several reducing 
agents, and (c) the degree of activation is dependent on the concentration 
of the reducing agent. 

Method of Assay—Without the addition of ascorbic acid or other reducing 
agent, the enzyme activity is not only not maximal, but it is also not linear; 
i.e., the inorganic phosphorus liberated from the casein is not proportional 
to the amount of tissue extract added. That 0.01 m ascorbic acid corrects 
this difficulty is shown by the data of Table IV. Concentrations of ascorbic 
acid up to 0.01 m in the enzyme assay tubes have been found to be without 
effect on the final Fiske and Subbarow phosphorus determination; higher 


TaBLe IV 
Effect of 0.01 a Ascorbic Acid on Linearity of Enzyme Assay 








Inorganic phosphorus released from casein per ml. homogenate 





es ae No ascorbic acid 0.01 m ascorbic acid 
0.2 ml, 0.5 ml. 1.0 mi. 2.0 ml. 0.2 mi. 0.5 ml. 1.0 ml. 
homogenate |homogenate |homogenate |homogenate homogenate |homogenate | homogenate 
= Y st ¥ 4 7 7 

1 85 94 124 171 

2 95 145 

3 55 81 290 274 
4 410 435 
5 375 362 
6 156 155 
(3 114 110 




















All figures are corrected for initial inorganic phosphorus of all components and 
for inorganic phosphorus formed in the absence of casein. 


concentrations than this, however, cause analytical artifacts, presumably 
by the reduction of molybdate. 

Because of the effect of 0.01 m ascorbic acid, ascorbic acid of this concen- 
tration was used routinely in all assays. As an additional check on the 
linearity of the assay, each tissue assayed was tested in two concentrations, 
rather than in duplicate volumes. 

Control tubes provided the necessary data as to inorganic and total acid- 
soluble phosphorus and total acid-soluble nitrogen initially present in, and 
formed from, the tissue homogenate itself. In addition, each lot of casein 
prepared was analyzed for these three constituents, and the proper correc- 
tions were applied to the assay figures. 

Phosphoprotein Phosphatase Distribution in Other Animal Tissues—Table 
V presents the results of assay of various rat tissues by the method described 
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above. All rats were fasted for 24 hours before sacrifice. Table VI pre- 
sents the results of assay of the spleen of the mouse, the hamster, the guinea 
pig, and the rabbit. 


TABLE V 


Assay of Phosphoprotein Phosphatase in Rat Tissues 


Released from 300 mg. casein by 1 gm. tissue 


Experiment No. Tissue Protein se 
Inognich | Te | Tle 
mg. mg. mg. meg. 
1 Spleen 0.85 0.84 1.08 124 
Liver 0.30 0.30 1.06 154 
Kidney 0.39 0.42 Mi 100 
Heart 0.15 0.14 0.01 102 
2 Spleen 1.16 i ee 4g LN Uf 
Liver 0.27 0.35 0.71 
Intestine 0.29 0.35 0.72 
3 Spleen 0.45 0.46 0.82 144 
Stomach 0.10 0.26 5.14 47 
Testis 0.21 0.26 0.29 48 
Muscle 0.05 0.07 0.08 138 
4 Spleen 0.56 0.56 0.79 138 
Liver 0.27 0.27 0.81 147 
Brain 0.32 0.36 0.12 67 


Lung 0.17 |. 0.16 0.11 113 





TABLE VI 


Phosphoprotein Phosphatase in Spleen of Species Other Than Rat 


Released from casein by 1 gm. tissue 


Species — saa 3-9 gm 
Inorganic P Total a Total an ne 
mg. meg. meg. mg. 
UNG hee hk 0.76 0:77 1.35 86 
Hamster ..:.:..... 0.46 0.45 0.78 146 
Guinea pig........ 1.37 1.22 0.68 86 
cS 0.66 0.65 3.60 94 
DISCUSSION 


The enzymic decomposition of casein and other phosphoproteins has been 
frequently investigated in the past. Biffi (11), using pancreatic extracts, 
and Travia and Veronese (12, 13), using an alkaline phosphatase from ox 
spleen, claimed the liberation of inorganic phosphorus from casein. Harris 
(1), using homogenates of frog eggs, was the first to demonstrate the exis- 
tence of an enzyme specifically catalytic for this reaction. 
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On the other hand, most authors have either been unable to demonstrate 
such a reaction, or have used combinations of proteinases and phosphatases, 
or have used extracts in which it was felt that proteolytic activity was pre- 
ceding phosphatase action. Among this work is that of Salkowski (14), 
Plimmer and Bayliss (15), Kay (16), Rimington and Kay (17), Rimington 
(18, 19), Sadamitsu (20), and Schmidt and Thannhauser (21). 

The demonstration of the existence of the enzyme phosphoprotein phos- 
phatase in crude extracts depends primarily upon distinguishing between 
(a) the one-stage reactions whereby inorganic phosphorus is released directly 
from phosphoprotein and (6) the two-stage reaction of proteolysis followed 
by phosphatase action. The ideal demonstration would be the establish- 
ment of such conditions that inorganic phosphorus is released without the 
simultaneous appearance of acid-soluble nitrogen. ‘This has not yet been 
achieved; a definite but somewhat erratic amount of non-protein nitrogen 
has always appeared in these experiments. It has therefore been necessary 
to use only indirect evidence, which, however, seems quite conclusive. In 
particular, the action of fluoride in (a) decreasing phosphorus release, (b) 
not affecting appearance of non-protein nitrogen, and (c) not causing an 
accumulation of organic acid-soluble phosphorus seems final proof in itself. 

Although the complete proof of identity of enzyme has not been estab- 
lished for all tissues tested, there seems little reason to doubt that the assay 
is actually measuring phosphoprotein phosphatase in all the tissues exam- 
ined, with the probable exception of rat stomach, in which the total acid- 
soluble phosphorus released is distinctly greater than the inorganic phos- 
phorus, and in which a considerable amount of nitrogen becomes acid- 
soluble. 

A further point of interest lies in the action of boiled tissue juice and 
inorganic salts. In all cases, the small but definite activating effect of 
magnesium ions or of tissue juice disappears when reducing agent is added. 
It is possible that the Mgt or tissue juice actually activates some other 
enzyme system which in turn, and in the absence of exogenous reducing 
agent, tends to provide the reducing atmosphere which activates phospho- 
protein phosphatase. 


SUMMARY 


1. Evidence is presented for the existence in mammalian tissues of the 
enzyme phosphoprotein phosphatase, which hydrolyzes inorganic phos- 
phorus from phosphoproteins without preceding proteolysis. 

2. The phosphoprotein phosphatase activity in the absence of a reducing 
agent is increased by boiled tissue juice or by magnesium, manganese, 
barium, or calcium ions. In the presence of 0.01 m ascorbic acid, neither 
boiled tissue juice nor magnesium ions have any effect. In the absence of 
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ascorbic acid, only negligible effects, if any, are shown by Kt, Fe*+*, Nit+, 
Cot*, or Zn** ions, while 0.02 m CuCl, strongly inhibits the reaction. 

3. A method of assay for the enzyme is given, based on the use of purified 
casein as a substrate, a water homogenate of the tissue as the enzyme 
source, and ascorbic acid as an activator. 

4. A survey has been made of the distribution of the enzyme in the 
various organs of the rat, and it is shown that this enzyme also exists in the 
spleen of the mouse, the rabbit, the guinea pig, and the hamster. 
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RAPID METHOD FOR THE DETERMINATION 
OF FAT IN FECES* 


By J. H. van pE KAMER, H. tren BOKKEL HUININK, anp H. A. WEYERS 
(From the Central Institute for Nutrition Research, Utrecht, The Netherlands) 


(Received for publication, August 10, 1948) 


Study of fat absorption in a patient requires the determination of the fat 
content of feces. Quantitative chemical methods available for such de- 
terminations are too laborious to be practical for routine analyses. Estima- 
tion of the fat content of feces by microscopic examination, practised by 
many clinicians, is unreliable; this can be demonstrated by comparing the 
results of microscopic determinations with those of chemical analysis. 
The results of chemical methods expressing the fat content of a random 
sample of feces as percentage of dry matter are equivocal. Goiffon (7) 
and Frazer et al. (2) pointed out that the percentage of dry matter in feces 
is not necessarily constant. It may be quite variable in feces from patients 
with metabolic disorders or faulty absorption. The observations of Frazer 
and Goiffon were also confirmed in this laboratory. 

Balance studies are the conventional means of evaluating certain aspects 
of metabolism of nitrogen, calcium, etc. Only a few publications report 
such studies of fat absorption; yet it seems the only exact method of in- 
vestigation. Estimation of fat balance is carried out as follows: The 
patient is kept on a diet containing a known amount of fat. The feces 
excreted in 24 hours are collected accurately. In a mixed sample of these 
feces, fat, if necessary differentiated into split and unsplit fat, is deter- 
mined quantitatively. The total amount of fat consumed in 24 hours, 
less the amount of excreted fat, represents the amount of retained fat. 
This may be expressed as per cent of the amount of fat consumed. Since 
intestinal motility is variable, it is advisable to determine the fat balance 
on several consecutive days. The frequency of such determinations de- 
pends upon the magnitude of the daily fluctuations. 

The determination of the fat content of feces may be carried out before 
or after drying of the feces. There are various objections to the latter 
method: (1) During drying, conversions may take place by which the 
ratio of split fat to unsplit fat could be changed; (2) during drying, volatile 
fatty acids may evaporate; (3) drying takes a long time. These objections 
are eliminated by the determination of fat in wet feces. Therefore, we 


*The data in this paper are taken from the first part of a thesis submitted by 
J. H. van de Kamer in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy, University of Utrecht, The Netherlands. 
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have sought a simple method for the determination of fat in wet feces 
which also meets the requirements of clinical investigation. 

Von Liebermann and Székely (13), Folin (3), Polenske (16), Saxon (18), 
Sonntag (19), Holt, Courtney, and Fales (9), Fowweather (4, 5), Rosenfeld 
(17), Muller (14), Tidwell and Holt (20), Gephart and Csonka (6), Nielsen 
(15), Kumagawa and Suto (12), Inaba (10) (method modified by Goiffon 
(7)), and others have published methods for the determination of fat in wet 
feces. They depend upon various principles and generally give correct 
results. Although these methods require less time than those in which feces 
are first dried, they are still quite time-consuming. Applying the principles 
published by von Liebermann and Székely (13) and by Saxon (18), we elabo- 
rated two methods by which the fat content of feces can be determined 
simply and rapidly. 


Principle of Methods 


Feces are saponified according to the procedure of von Liebermann and 
Székely (13) with concentrated potassium hydroxide in ethanol, giving a 
solution which contains the soaps derived from the neutral fats and the 
fatty acids and also the soaps which were originally present in the stool. 
By adding HCl to the alkaline solution, the fatty acids are liberated. 
Ethanol is then added and the fatty acids are extracted with petroleum 
ether. The concentration of ethanol is so chosen that, after shaking the 
mixture, the petroleum ether and the acid ethanol layers separate quickly; 
this is expedited by adding NaCl and a small amount of amyl alcohol. 
Separation is complete after 5 to 10 minutes. In an aliquot sample of the 
petroleum ether layer the fatty acids are titrated with alkali, with thymol 
blue as indicator. This method of determining the total fat content re- 
quires 35 minutes (Method A). 

To determine split and unsplit fat separately, the sample of feces is not 
treated with alkali, but is boiled for 1 minute with diluted hydrochloric 
acid in order to convert the soaps into free fatty acids, according to the 
method of Saxon (18). After addition of ethanol, NaCl, and amyl alcohol, 
the solution is extracted with petroleum ether. An aliquot sample of the 
petroleum ether layer is evaporated to dryness and the free fatty acids are 
titrated with 0.1 N isobutyl alcoholic KOH. Thereupon an excess of the 
same solution is added and the unsplit fat is saponified by boiling. The 
excess of alkali is titrated with 0.1 n HCl and thymol blue as indicator 
(Method B). 


Method A; Determination of Total Fat Content 


Reagents— 
Ethanol, 96 per cent, containing 0.4 per cent amyl alcohol. 
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Ethanol, 96 per cent, neutral to thymol blue. 

KOH, 33 per cent. 

HCl, 25 per cent, specific gravity 1.13. 

Petroleum ether, boiling point 60-80°, or 40-60°. When evaporated to 
dryness, this must leave no residue which can be titrated or saponified 
with alkali. 

NaOH, 0.1 N. 

Thymol blue, 2 per cent, in 50 per cent ethanol. 
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Fic. 1. Erlenmeyer flask with pressure pipette to remove aliquot of petroleum 
ether. 


A pparatus— 

150 ml. Erlenmeyer flasks with wide mouths (high model), each provided 
with a rubber stopper and reflux condenser. 

25 ml. pipette, fitted into the flask as illustrated in Fig. 1. With this 
apparatus the petroleum ether solution is brought into the pipette by blow- 
ing and evaporation is prevented. 

50 ml. pipette. 

5 ml. micro burette. 














350 DETERMINATION OF FAT IN FECES 


Procedure—About 5 gm. of feces are weighed in a 150 ml. Erlenmeyer 
flask. After adding 10 ml. of 33 per cent alkali and 40 ml. of ethanol con- 
taining 0.4 per cent amy] alcohol, the mixture is boiled for 20 minutes under 
a reflux condenser, and then thoroughly cooled. 17 ml. of 25 per cent HC] 
are added, a graduated cylinder being used, after which the mixture jis 
again cooled. Exactly 50 ml. of petroleum ether are then added, and the 
flask is closed with a rubber stopper and shaken vigorously for 1 minute. 
After complete separation, 25 ml. of the petroleum ether layer are trans- 
ferred into a small Erlenmeyer flask by using the pressure pipette. 

After addition of a piece of filter paper, the petroleum ether is evaporated 
and 10 ml. of neutral ethanol are added. The fatty acids are titrated with 
0.1 N NaOH from a micro burette, with thymol blue as indicator, until the 
yellow color begins to change. If 0.1 N isobutyl alcoholic KOH is available 
(see Method B), it is possible to titrate the fatty acids directly in the petro- 
leum ether without previous evaporation. 

Calculation—For the present, the calculations are carried out according 
to Goiffon (7), assuming an average molecular weight of 284 for fatty 
acids.! Hence 


A X 284 X 1.04 kK 2 x 100 


A 
10,0009 = 5.907 Q = fatty acids in gm. per 100 gm. feces 


in which A = the ml. of 0.1 N alkali used in titration, and Q = the gm. of 
feces taken for analysis. The factor 1.04 must be used as the petroleum 
ether layer increases 1 per cent in volume when shaken with alcoholic hy- 
drochloric acid and because 3 per cent of the amount of fatty acids remains 
in solution in the acid alcoholic layer. Corrections for evaporation of the 
petroleum ether layer and for volume increase due to fatty acids dissolved 
in it may be neglected. That the factor used is correct was demonstrated 
by the fact that the same fat content is found when the solution is extracted 
quantitatively with petroleum ether and when an aliquot is used as de- 
scribed above. 


Method B; Determination of Fatty Acid and Neutral Fat Separately 


Reagents— 

HCl, 2.5 per cent, specific gravity 1.013, to which 250 gm. of NaCl per 
liter are added. 

Ethanol, 96 per cent, containing 0.4 per cent amyl alcohol. 

Ethanol, 96 per cent, neutral to thymol blue. 

Petroleum ether, boiling point 60-80°, or 40-60°, as described above. 

Isobutyl alcoholic KOH, 0.1 n. Isobutyl alcohol is boiled for 3 hours 


' Another paper deals with the determination of the molecular weights. 
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with 100 gm. of NaOH per 5 liters. It is then distilled and the fraction 
that comes over between 105-108° is collected. To 5 liters of this solution 
are added 15 gm. of concentrated 50 per cent KOH solution diluted with 
20 ml. of methyl alcohol. The KOH solution is prepared by dissolving 
solid KOH in an equal amount of water; after standing for several days the 
clear solution is siphoned off. The diluted isobutyl alcoholic KOH is 
titrated with 0.1 » hydrochloric acid, with thymol blue as indicator, until 
the yellow color begins to change. 

Hydrochloric acid, 0.1 Nn. 

Thymol blue, 2 per cent, in 50 per cent ethanol. 

Apparatus— 

Cylindrical tubes of 30 cm. length and 4 em. diameter, provided with 50 
em. reflux condensers with ground joints and glass stoppers. 

25 ml. pipette. This is fitted into the cylindrical tubes by means of a 
stopper, as illustrated in Fig. 1. 

100 ml. Erlenmeyer flasks provided with glass bulbs as reflux condensers. 

50 ml. pipette. 

5 ml. micro burette. 

Procedure—About 5 gm. of feces are weighed in a cylindrical tube. After 
addition of 22 ml. of HCl solution containing NaCl and some grains of 
pumice, the mixture is boiled for 1 minute under the reflux condenser. 
The tube is then thoroughly cooled. 40 ml. of 96 per cent ethanol con- 
taining 0.4 per cent amyl alcohol are added by means of a graduated cylin- 
der, and exactly 50 ml. of petroleum ether by means of a pipette. After 
this the tube is closed with the glass stopper and vigorously shaken for 1 
minute. 

Separation may be facilitated by occasional rotation of the tube. When 
separation is completed, 25 ml. of the petroleum ether layer are trans- 
ferred into a 100 ml. Erlenmeyer flask with the help of the pressure pipette 
(Fig. 1). After addition of a small piece of filter paper, the petroleum ether 
is evaporated ; 2 ml. of neutral ethanol are added and the free fatty acids are 
titrated with 0.1 N isobutyl alcoholic KOH in the micro burette, with 
thymol blue as indicator, until the yellow color begins to change. 

After addition of 10 ml. of 0.1 N isobutyl alcoholic KOH, the solution is 
boiled gently for 15 minutes, the flask being provided with a glass bulb as a 
reflux condenser. 

To the hot solution 10 ml. of neutral ethanol are added, after which the 
excess alkali is titrated immediately with 0.1 n hydrochloric acid until the 
blue color of the indicator turns yellow. 

Calculation—Assuming a molecular weight for fatty acids of 284 and for 
fat of 297, 
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A X 284 X 1.04 K 2 x 100 A 
= 5.907 0 = fatty acids in gm. per 100 gm. feces 


10,000Q 
B — C) X 297 X 1.01 X 2 X 100 B-C) 
: 10,000Q = §.999 ( — Q = neutral fat in gm. per ae 


in which A = the ml. of 0.1 N alkali used in titration of the fatty acids, B 
the ml. of 0.1 N HCl used in the blank titration of 10 ml. of isobutyl aleo- 
holic KOH, C the ml. of 0.1 N HCl used in the titration of fat, and Q the 
gm. of feces taken for analysis. The factor 1.04 for fatty acid is explained 
above; for neutral fat the factor is 1.01, since in this case only the increase 
in volume of the petroleum ether layer has to be corrected. 


Remarks 


1. After boiling with HCl the solution must be cooled thoroughly; 
otherwise, after addition of alcohol, esterification of the fatty acids may 
take place. 

2. The use of long cylindrical tubes in Method B is necessary to avoid 
loss of volatile fatty acids. 

3. In order to prevent irregular boiling during evaporation of the petro- 
leum ether, a small piece of filter paper is used. No pumice must be used, 
as this absorbs fatty acids. 

4. It is not necessary to evaporate the petroleum ether quantitatively, 
as small amounts of this solvent have no influence on the titration nor on 
the saponification. 

5. Saponification of the fatty acids is carried out according to Kolthoff 
(11) with 0.1 N isobutyl alcoholic KOH. Compared with the usual 0.5 n 
ethanolic KOH it has two advantages. In the first place, the boiling 
point of the isobutyl alcoholic solution is about 100° instead of 80° as in the 
case of ethanol; for this reason the saponification time is reduced consider- 
ably. Secondly, the accuracy of the titration is increased because it is 
possible to use 0.1 N isobutyl alcoholic KOH instead of the usual 0.5 n 
ethanolic KOH. 

6. For the extraction of the acid alcoholic solution with petroleum ether, 
60 per cent alcohol appears to be most suitable. With lower concentra- 
tions, emulsions are easily formed, while at higher concentrations too much 
fatty acid remains dissolved in the alcoholic layer. 

7. The extraction is complete after 1 minute; no more fat is extracted 
after shaking the mixture for 2, 3, 4, 5, or 10 minutes. 

8. Usually phenolphthalein is used as indicator in fatty acid titration. 
In the yellow-colored petroleum ether solution, however, the change in 
color of thymol blue from yellow to green is much more evident than the 
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change of phenolphthalein from yellow to reddish yellow. The two indi- 
cators have the same pH range, viz. from pH 8 to 10. 

9. Addition of NaCl and amy] alcohol to the acid alcoholic solution en- 
hances the separation of the alcoholic and the petroleum ether layer. 

10. Titration of the fatty acid was preferred to weighing because it is 
quicker and because unsaponifiable matter is excluded at the same time. 

11. It appeared that fatty acids and fat added to feces could be recovered 
separately with a relative error of 2 per cent. 


Comparison of Various Methods 


The results of determinations, carried out according to Methods A and 
B, were compared with determinations according to other well known 
methods. 

Method of Weibull (21, 22)—About 5 gm. of feces are boiled for 1 hour 
with 100 ml. of 1.5 N HCl, filtered through a wet filter, and washed with 
water until all acid has disappeared (neutral reaction to Congo red paper). 
The filter, after drying overnight at 40°, is extracted with petroleum ether, 
according to Berntrop (1). The petroleum ether is evaporated and the 
residue is titrated according to our Method A. 

Method of Gorter and de Graaff (8)—About 5 gm. of feces are mixed with 
2 ml. of 25 per cent HCl and 10 gm. of sand, evaporated to dryness on a 
water bath, and extracted according to the procedure of Berntrop (1). 

Method of Fowweather (4)—-About 3 gm. of feces are mixed in a mortar 
with 2 ml. of 25 per cent HCl and 20 gm. of desiccated CaSQO,, and the 
mixture is stirred to dryness. After standing for 30 minutes it is stirred 
again and extracted according to the procedure of Berntrop (1). As it 
appeared that the results were very irregular, the procedure was modified 
as follows: After stirring to dryness, the mixture was dried at 40° overnight 
and afterwards extracted. 

Method of Muller (14)—About 5 gm. of feces are mixed with 2 ml. of 25 
per cent HCl; then the mass is stirred with some acetone. The acetone is 
filtered through a Biichner funnel and the residue is washed with acetone 
until a fine dry powder remains. After evaporation of the acetone, the 
residue is extracted several times with petroleum ether. The petroleum 
ether is filtered through a crucible with fritted disk and a layer of cotton 
wool into a weighed flask. After evaporation the residue is dried at 100° 
for 1 hour and weighed, or, if possible, titrated. If the fat contains im- 
purities, it may be too dark for titration. The results are given in Table I. 

The following conclusions may be drawn from Table I: (a) After acid 
treatment of feces (our Method B) the same amount of fatty acids and fat 
is found as after alkali treatment (our Method A). (b) The first five 
methods give practically the same results. (c) The method of Muller is 
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not exact, the extracts being too dark for titration; moreover, the values 
obtained by weighing are irregular and not correct. 


TABLE I| 


Comparison of Results of Various Methods 


Duplicate analyses, per cent of fresh feces 


agg Various methods : : 
, Fatty acids Fat —— u 
1 | Our Method A 6:2, 62 
- vi B 5.8, 5.5 0.51, 0.51 6.3, 6.0 
Weibull 5.5, 5.6 0.64, 0.64 Gis 6:2 
Gorter and de Graaff 5.6, 5.6 0.68, 0.58 6.3; 832 
Fowweather (modified ) 6.6, 5.5 0.62, 0.58 6:2.° 8.1 
Muller (titrated) 5.2, 5.3 0.70, 1.10 5.9, 6.4 
| ‘* (weighed) 6.5, 7.0 
2 | Our Method A 5.6, 6:6 
" “ B 5.0, 5.0 0.70, 0.60 | 5.7, 5.6 
| Weibull 5.0, 5.0 0.24, 0.36 | 5.3, 5.4 
Gorter and de Graaff 4.9, 4.9 0.51, 0.58 5.4, 5.4 
Fowweather (modified ) 5.0, 4.9 0.48, 0.53 5.5, 5.4 
Muller (titrated) 6.1, 5.2 1.30, 1.50 6.4. 6.7 
| ‘* (weighed) 6.0, 6.2 
3 | Our Method A 10.5, 10.5 
cary +8 9.1, 9.1 1.4, 1.5 10.5, 10.6 
Weibull 9.2, 9.1 0.9, 0.9 10.1, 10.0 
Gorter and de Graaff 9.2, 9.2 Lt; 220 10.3, 10.2 
| Fowweather (modified) 8.9, 9.1 1? ae 10.1, 10.4 
Muller (end-point not visible) 
| ‘€ (weighed) 17, 1033 
4 | Our Method A | 5.6, 5.6 
os “ig B 4.9, 4.9 0.8, 0.8 hy Game 
Weibull 5.0, 4.9 0.5 5.4 
Gorter and de Graaff 4.8, 5.0 0.6, 0.6 5.4, 5:6 
Fowweather (modified) 4.8, 4.8 0.5, 0.6 5.3, 5.4 
| Muller (end-point not visible) 
“« (weighed) 6.6, 6.7 
SUMMARY 


Methods for the determination of the total amount of fat in feces and of 
the relative proportions of free and combined fatty acids are described. 

They are based on the principle that fatty acids and fat can be extracted 
almost quantitatively with petroleum ether from an acidic, alcoholic 
solution of about 60 per cent ethanol, saturated with NaCl and containing 
a small amount of amyl alcohol. 
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By these methods the fat in feces can be measured within 35 to 45 min- 


utes with an error not exceeding 2 per cent. 
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A NEW SYNTHESIS OF CYTOSINE AND 5-METHYLCYTOSINE 


By GEORGE H. HITCHINGS, GERTRUDE B. ELION, ELVIRA A. FALCO, 
and PETER B. RUSSELL 


(From the Wellcome Research Laboratories, Tuckahoe, New York) 
(Received for publication, September 16, 1948) 


The chief difficulty in the way of a fruitful synthesis of cytosine from 
uracil is the essentially equal reactivities of chlorine atoms and of ethoxy] 
groups in the 2 and 4 positions of the pyrimidine nucleus. The reaction 
of 2,4-dichloropyrimidine with ammonia leads to a mixture of chloroamino- 
pyrimidines (1) which is separable only after transformation to the meth- 
oxyaminopyrimidines. The reaction of dichloropyrimidine with sodium 
ethoxide has been offered as an alternative (2), since the diethoxypyrimidine 
so formed, on further treatment with sodium ethoxide, is converted to a 
mixture of ethoxyhydroxypyrimidines, the sodium salts of which are 
separable. Since the ethoxyl groups are replaceable by amino groups, the 
individual isomers can be converted to cytosine and isocytosine respectively. 
Both methods have been used in preference to the original method of 
Wheeler and Johnson (3, 4) which proceeds from 2-ethylmercapto-4- 
hydroxypyrimidines via chlorination, amination, and subsequent hydrol- 
ysis of the ethylmercapto grouping. 

The discovery that the 4-thiol group of 2,4-dithiolpyrimidines is much 
more reactive toward ammonia and amines than is the 2-thiol group! has 
opened up a new route to the synthesis of 4-aminopyrimidine derivatives. 
The ready availability of dithiolpyrimidines from thiol-, hydroxy-, and 


N SH N NH. 
HSC SR + NH; — HSC 


Pre CDP? 


(1) R=H (III) R =H 
(i) R = CH; (IV) R = CHs 
x NH: N NH. 
HO.CCH SC DR — HO yr 
N N 
(Vv) ReaH (VII) R=H 
(VD R = CH; (VIII) R = CH; 


alkylmercaptopyrimidines (5) allows a considerable latitude in the choice 
of starting materials. From dithiouracil (I) or dithiothymine (II) the 2- 


1 Russell, P. B., Elion, G. B., Faleo, E. A., and Hitchings, G. H., to be published. 
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thiol-4-aminopyrimidines (III, IV) are obtained in good yield, and the 
subsequent hydrolysis of the carboxymethylthiopyrimidines (V, VI) to the 
2-hydroxy-4-aminopyrimidines (VII, VIII) proceeds without difficulty. 
An over-all yield of 60 per cent reckoned from dithiouracil or 40 per cent 
from thiouracil is obtainable by this method. This may be contrasted 
with the 20 per cent vield from uracil obtainable by the method of Hilbert 
and Johnson (1). 


EXPERIMENTAL 
2-T hiol-4-aminopyrimidine—Dithiouracil (2 gm.) was dissolved in 20 ml. 
of concentrated ammonium hydroxide and the solution heated in a sealed 
tube at 100° for 16 hours. On cooling, 2-thiol-4-aminopyrimidine (1.1 
gm.) separated as long, colorless needles. Evaporation of the mother 
liquors to a small volume gave another 0.5 gm. (total yield, 91 per cent). 
The product was washed with concentrated ammonium hydroxide to 
remove any unchanged dithiouracil and recrystallized from 70 ml. of water. 
It formed long, colorless needles, m.p. 285-290° (decomposition), after 
darkening at about 250°. 
C.HsN;S. Calculated, C 37.8, H 3.9; found, C 38.2, H 4.2 
2-Carboxymethylthio-4-aminopyrimidine—The above thiolaminopyrimi- 
dine (1 gm.) was refluxed with a solution of 0.7 gm. of chloroacetic acid in 
7 ml. of water for 45 minutes. After cooling, the solution was neutralized 
with 2.5 n sodium hydroxide solution, acidified with acetic acid, and al- 
lowed to stand. Platelets separated (1.1 gm., 80 per cent) which, after 
recrystallization from a mixture of alcohol and ether, melted at 220° 
(decomposition), after darkening above 200°. 
C.H;N;0.28S. Calculated, C 38.9, H 3.8; found, C 39.3, H 3.8 


Cytosine (2-Hydroxy-4-aminopyrimidine)—The above carboxymethyl- 
thiopyrimidine (1.05 gm.) was dissolved in 10 ml. of concentrated hydro- 
chloric acid and refluxed gently for 2 hours. After evaporation to dryness 
on the steam bath, the residue was treated with dilute hydrochloric acid 
and evaporated to dryness again. On the addition of 5 ml. of water and 
1 ml. of concentrated ammonium hydroxide shiny platelets were formed 
(0.5 gm., 83 per cent). After recrystallization from 10 ml. of water, the 
compound melted at 312° (decomposition), with darkening above 290°. 


C,H;N;0. Calculated, C 43.2, H 4.5, N 37.8; found, C 43.4, H 4.4, N 37.7 


The substance gave a picrate decomposing at 333°. 

The ultraviolet absorption spectra of this specimen of cytosine agree with 
the published values of Stimson and Reuter (6), giving in 0.1 N hydro- 
chloric acid solution a maximum at 275 mu, E,, = 10,450; in 0.1 N sodium 
hydroxide solution a maximum at 281 my, Z,, = 7000. In glycine-sodium 
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hydroxide buffer at pH 11, the absorption is almost identical with that in 
unbuffered aqueous solution (maximum at 267 mu, E,, = 6150). 

2-T hiol-4-amino-5-methylpyrimidine—Dithiothymine (2.5 gm.) was dis- 
solved in 50 ml. of concentrated ammonium hydroxide and heated at 100° 
for 16 hours in a sealed tube. After cooling, the white needles were filtered 
off (1.5 gm.). Evaporation of the mother liquors yielded another 0.2 gm., 
giving a total yield of 95 per cent. The product was purified by washing 
the crystals with ammonium hydroxide and reerystallization from water, 
m.p. 273-274° (decomposition). 

CsH:N;3S. Calculated, C 42.6, H 5.0; found, C 42.3, H 4.9 


2-Carboxymethylthio-4-amino-5-methylpyrimidine—\| gm. of  2-thiol-4- 
amino-5-methylpyrimidine was refluxed with a solution of 0.67 gm. of 
chloroacetic acid in 10 ml. of water for 30 minutes. On cooling, a small 
amount of yellow material separated which was removed by filtration. 
The filtrate was neutralized with 2.5 N sodium hydroxide solution and 
brought back to pH 6 with acetic acid. The product separated as colorless 
needles (1.1 gm., 79 per cent). After recrystallization from a 1:1 mixture 
of alcohol and ether, it melted at 193-194°. 

C7H,O.N;3S. Calculated, C 42.2, H 4.5; found, © 42.4, H 4.5 


5-Methyleytosine (2-Hydrory-4-amino-5-methylpyrimidine) —The above 
carboxymethylthiopyrimidine (1 gm.) was refluxed for 2 hours with 5 ml. 
of concentrated hydrochloric acid. On neutralization of the reaction mix- 
ture with ammonium hydroxide, the basic hydrochloride of 5-methyleyto- 
sine, (C5H;ON3)5:3H20:2HCI (4), separated and was filtered off (0.6 gm., 
67 per cent). This product was converted to the monohydrochloride by 
solution in 2.5 nN hydrochloric acid and precipitation with acetone and 
recrystallized by the same procedure. It formed colorless platelets, m.p. 
299-301° (decomposition), after sintering at about 280°. 

CsH,ON;. HCl. Calculated. C 37.2, H 4.3, N 26.0, Cl 22.0 
Found. ST ehcle. ° SOae* mona’ cee 

The picrate melts at 290-291° (decomposition). 

The ultraviolet absorption spectra of this 5-methylceytosine at pH 1.0 
and at pH 11.0 are given in Fig. 1. These curves are identical with those 
given by an authentic specimen of 5-methylcytosine which was prepared 
by the method of Wheeler and Johnson (4). 

5-Methylcytosine from 2-Thiol-4-amino-5-methylpyrimidine—In an early 
experiment, 5-methyleytosine was prepared from 2-thiol-4-amino-5-methyl- 
pyrimidine without attempting the isolation of the thioglycolic acid 
derivative. 2-Thiol-4-amino-5-methylpyrimidine (3.9 gm.) was refluxed 
with a solution of 4 gm. of chloroacetic acid in 50 ml. of water for 16 hours. 
Concentrated hydrochloric acid (10 ml.) then was added, and refluxing 
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was continued for an additional 4 hours. On evaporation to dryness and 
treatment with ammonium hydroxide, 3.05 gm. (74 per cent) of the basic 
hydrochloride were obtained. Later experience in the preparation of 
the 2-carboxymethylthio-4-amino-5-methylpyrimidine (see above) indi- 
cated that the time of refluxing with chloroacetic acid was unnecessarily 
protracted; however, this experiment indicates that there may be some 
advantage with respect to yield in omission of the isolation of the inter- 
mediate. 
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Fic. 1. Ultraviolet absorption spectra of 5-methylcystosine at pH 1, dash line; at 
pH 11, solid line. 


SUMMARY 


A new and relatively productive method for the synthesis of cytosine and 
5-methyleytosine is described. This method is based on the conversion of 
the requisite 2,4-dithiolpyrimidine to the 2-thiol-4-amino derivative and 
subsequent hydrolysis of the latter to the 2-hydroxy-4-aminopyrimidine. 
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ANAEROBIC PHOSPHORYLATION DUE TO A COUPLED OXI- 
DATION-REDUCTION BETWEEN a-KETOGLUTARIC 
ACID AND OXALACETIC ACID* 


By F. EDMUND HUNTER, Jr. 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, July 15, 1948) 


During the course of a study (1) of the conversion of acetoacetate to 
citrate (reaction (1)) it was observed that the oxidation of a-ketoglutarate 
to succinate (reaction (2)) had a marked stimulatory effect. In view of 


(1) 1 acetoacetate + 2 oxalacetate — 2 citrate 
(2) a-Ketoglutarate + 402 — succinate + CO, 


Ochoa’s earlier demonstration (2) that reaction (2) results in the formation 
of several high energy phosphate bonds, it was suggested that the stimulat- 
ing effect of reaction (2) on reaction (1) might be by way of the creation of 
these phosphate bonds. The observation that a-ketoglutarate showed the 
same stimulating effect on reaction (1) under anaerobic conditions came as 
a surprise. However, it was soon apparent that this stimulating effect 
could be reduced to the same basis as under aerobic conditions if one 
assumed that a-ketoglutarate was oxidized to succinate according to reac- 


(3) a-Ketoglutarate + oxalacetate — succinate + CO. + malate 


tion (3). The oxalacetate had been added in considerable excess to pro- 
mote quantitative conversion of acetoacetate to citrate. Two pieces of 
evidence suggested that reaction (3) was actually occurring. (a) The 
omission of excess oxalacetate in anaerobic experiments deprived a-keto- 
glutarate of its stimulatory effect on the removal of acetoacetate. (b) 
Extra acid was formed when a-ketoglutarate and oxalacetate were in- 
cubated anaerobically with tissue preparations, as expected on the basis 
of reaction (3). Similar reactions, such as the dismutation of a-ketoglu- 
tarate and the oxidation-reduction between a-ketoglutarate and aceto- 
acetate have been reported (3-5). 

If the aerobic oxidation of a-ketoglutarate stimulated the conversion of 
acetoacetate to citrate via creation of energy-rich phosphate bonds, it 
seemed probable that the anaerobic oxidation of a-ketoglutarate also gen- 
erated high energy phosphate bonds, for it had the same stimulatory effect. 


* A preliminary report of this work was presented at the meeting of the American 
Society of Biological Chemists at Atlantic City, New Jersey, March 15-19, 1948. 
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Investigation of the anaerobic oxidation of a-ketoglutarate offered the pos- 
sibility of gaining information on two points: (a) the mechanism for the 
stimulatory effect of a-ketoglutarate on the conversion of acetoacetate to 
citrate, and (b) the point of origin of one or more of the high energy phos- 
phate bonds formed during a-ketoglutarate oxidation. 


EXPERIMENTAL 


Materials—The sources and methods of preparation were as follows: 
crystalline sodium pyruvate, a gift of Dr. Ernest Bueding; a-ketoglutaric 
acid, part a gift of Dr. L. B. Lockwood, part synthesized (6, 7); aceto- 
acetic acid, Ljunggren (8); oxalacetic acid, Krampitz and Werkman (9); 
yeast’ hexokinase, Berger ef al. (10); adenosine triphosphate (ATP), a 
modification of the method of Lohmann (11) (the details are almost iden- 
tical with those recently published by Dounce ei al. (12)); adenylic acid, 
from ATP, Walekar (13); diphosphopyridine nucleotide (DPN),' William- 
son and Green (14); triphosphopyridine nucleotide (TPN), Warburg ef al. 
(15); thiamine pyrophosphate, Merck; flavin-adenine dinucleotide (FAD), 
gift of Dr. Francis Reithel. 

Methods of Determination—F¥or inorganic phosphate the methods of 
Fiske and Subbarow (16) and of Lowry and Lopez (17) have been used. 
Oxalacetic acid was determined manometrically by decarboxylation (5). 
Pyruvic acid and a-ketoglutaric acid were determined by the method of 
Friedemann and Haugen (18). The a-ketoglutarice acid values were checked 
by the enzymatic method of Krebs (5). By this method about 90 per cent 
of any a-hydroxyglutaric acid is determined. Comparison of values 
indicated that only traces of a-hydroxyglutaric acid were formed. Suc- 
cinate was determined enzymatically (5). Malic acid was determined 
manometrically with the malic-oxidizing enzyme from pigeon liver. Direc- 
tions for preparing this enzyme and advice for use of the method were 
kindly furnished by Dr. A. Mehler and Dr. 8. Ochoa. 

Enzyme Preparations—The enzyme system studied in this work was first 
found in the kidney. However, as liver gave somewhat more active prep- 
arations, it was used for most of this work. Satisfactory results were 
found to depend on the exact manner in which the tissue particles were 
prepared. By the procedure described below it was possible to obtain con- 
sistently material with high enzymatic activity. All steps were carried 
out at low temperature. 

The livers from two young adult rats were dropped immediately into 
distilled water at 0-2° and left there for 4 to 5 minutes with occasional 
stirring. The livers were then perfused with ice-cold saline to remove the 


'The author is indebted to Anheuser-Busch, Inc., for considerable amounts of 


bakers’ yeast used as a source for hexokinase and DPN. 
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blood, and cut up into a stainless steel homogenizer (19). 25 ml. of chilled 
buffer solution (0.013 M potassium phosphate, pH 7.6, 0.123 mM potassium 
chloride, 0.005 m sodium chloride, 0.0012 mM magnesium chloride) were 
added. ‘The tissue and buffer solution were homogenized at 0-3° for ap- 
proximately 2 minutes, the exact time for homogenization depending on 
the speed and fit of the piston. The resultant suspension was diluted to 
40 ml]. with buffer solution, strained through muslin, and centrifuged in the 
cold room for 7 to 10 minutes at 8000 R.p.m. ‘The supernatant liquid was 
discarded and the precipitate washed three times with approximately 30 
ml. of buffer solution. Finally the precipitate was suspended in buffer 
solution to give a volume of 12 to 15 ml. 

Other media have been used for homogenization and washing, but the 
buffer solution high in potassium ions gave the most active preparations. 
In general three washings of the tissue particles will consistently yield 
enzyme preparations showing the greatest amount of phosphorylation. 


RESULTS 


Demonstration That Phosphorylation Occurs under Anaerobic Conditions— 
When the tissue preparation was incubated anaerobically without sub- 
strate there was a small increase in inorganic phosphate. However, when 
a-ketoglutarate and oxalacetate were added, a slight removal of inorganic 
phosphate was detected. If more than catalytic amounts of adenylate 
were provided as phosphate acceptor, the amount of inorganic phosphate 
disappearing was considerably increased. Experiment 1 in Table I in- 
dicates that the inorganic phosphate removed was incorporated into a 
compound from which it was entirely split by hydrolysis for 10 minutes in 
1 n sulfuric acid at 100°, suggesting the conversion of adenylic acid to ATP. 
While the formation of ATP seemed evident, residual adenosinetriphospha- 
tase activity in the preparation, even in the presence of sodium fluoride, 
reduced the amount of phosphate remaining in organic combination, mak- 
ing quantitative determination of the phosphate esterification (20) ex- 
tremely difficult. 

When yeast hexokinase was added and glucos® substituted for adenylate 
as phosphate acceptor, the removal of inorganic phosphate was marked 
(Tables I and II). The inorganic phosphate which disappeared was in- 
corporated into an organic compound with a resistance to acid hydrolysis 
corresponding to that for glucose-6-phosphate. Besides being chemically 
more stable than ATP, this compound probably is less readily hydrolyzed 
by the tissue enzymes. The extent to which omission of glucose or hexo- 
kinase cuts down the phosphorylation is shown in several experiments in 
Table II. These experiments present a clear cut demonstration of phos- 
phorylation. This phosphorylation was presumably due to reaction (3). 
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Direct evidence that this reaction occurs will be presented later in this 
paper. 

Some Factors Essential for Demonstrating Phosphorylation—To complete 
the oxidation-reduction enzyme system and achieve optimal phosphoryla- 
tion, phosphate, magnesium ions, adenylate or ATP, hexokinase, glucose, 
and perhaps DPN are needed (Table II). These results do not preclude 
the essentiality of unknown additional factors. Residual adenyl com- 
pounds still present in the tissue or formed on the splitting of added DPN 
(21) could easily account for the low activity without added ATP. The 
failure of equivalent amounts of adenylate to replace ATP completely may 


TABLE I 
Formation of Adenosine Triphosphate and Glucose-6-phosphate 


Each tube contained inorganic phosphate approximately 0.02 mM, 0.038 m NaF, 
0.006 m MgCl», 0.0012 m ATP, 0.2 mg. of DPN, and enzyme; hexokinase + 50 micro- 
moles of glucose as indicated. Total volume 2.4 ml.; pH 7.6; incubation anaerobi- 
cally at 30° for 45 minutes. All values are in micromoles. The A values represent 
the difference due to a-ketoglutarate. 


Additions Inorganic phosphate 


Experiment No. —y a-Keto- hacia sel After , After 1 N H2SOs,, 100 
acetate ae glucose bation ed A Ras A 
1. Dog kidney | 100 20 53.5 57.7 
100 30 20 45.9 | —7.6 57.0 | —0.7 
100 3 i 50.8 51.9 
100 30 + 42.4 | —8.4 46.1 | —5.8 
2. Rat liver + 53.1 53.9 57.4 
26 + 48.2 | —4.9 51.4 | —2.5 55.7 | —1.7 
100 + 47.1 48.1 §7.1 
im 35.0 |—12.1) 38.0 |—10.1) 45.7 —11.4 


100 26 


be due to the fact that adenosine diphosphate (ADP), more readily avail- 
able from ATP, is the primary phosphate acceptor. 

While DPN did produce some increase in phosphorylation in part of the 
experiments, it produced no effect in others. It is quite possible that in 
most cases the tissue particles still contain sufficient DPN for maximal 
activity. Furthermore, it will be necessary to separate any direct DPN 
effect from any “ATP-like” effect due to pyrophosphatase type splitting 
of the DPN molecule (21) with the release of adenylic acid. TPN and : 
FAD did not increase phosphorylation in these preparations. | 

It was not necessary to add any thiamine pyrophosphate to obtain max- ! 
imal activity. While evidence indicates that this cofactor is required by 
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the a-ketoglutarate-oxidase system, it is released from the protein only by 
acid treatment (22). 

Sodium fluoride was absolutely essential for the demonstration of phos- 
phorylation. The optimal concentration was 0.04 m. 


TABLE II 
Factors Essential for Complete Sysiem 


The following were present in all tubes unless otherwise indicated: approximately 
0.02 m inorganic phosphate, 0.038 m NaF, 0.006 m MgCl., hexokinase, 0.0012 m ATP, 
0.2 mg. of DPN, 55 micromoles of glucose, and rat liver enzyme. Total volume 2.4 
ml.; pH 7.6; incubation anaerobically at 30° for 45 minutes. All values are in micro- 
moles. 





Substrates Inorganic phosphate 
. i ae Omisai bstituti - ‘| After 10 
men Fs missions Or substitutions r er 
No. | Oral. “Gluta- incuba- | “arketor | IRIN | 
rate tion glutarate 100° y 
1 100 | 50.0 53.0 | 
100 30 | 35.5 | —14.5| 37.2 |—15.8 
100 Without ATP | 46.0* 49.0 | 
100 30 “ « | 38.9 —7.1| 39.9 | —8.1 
100 “ DPN | 50.1 50.7 
100 30 “ 9 | 34.1 | —16.0/} 39.6 |—11.1 
100 “« ATP, DPN | 46.5* 47.4 | 
100 30 . - “ | 42.5 | -—4.0| 44.6 | —2.8 
100 - glucose | 50.5 | 53.6 | 
100 30 a“ a 44.1 —6.4) 50.6 | —3.0 
2 100 43.0 | 
100 30 4 | ~11#) 
100 Without hexokinase 43.0 
100 30 a a 36.8 —6.2 | 
3 61.1 64.0 | 
26 58.6 —2.5| 64.3 | 
100 58.1 63.8 | 
100 26 46.3 | —11.8| 52.5 |—11.3 
100 Adenylie for ATP 50.4* 52.9 | 
100 26 ae o « 44.0 —6.4| 48.0 | —4.9 


* The inorganic phosphate at the start of incubation was somewhat lower in the 
- 
tubes without ATP, because the ATP used in the other tubes contained some in- 
? 
organic phosphate. 


Effect of Aging and Dialysis on Enzyme System—After 24 hours at 0° 
the enzyme system showed 40 to 80 per cent of the original activity. 
The activity lost on aging could not be restored by addition of ATP, DPN, 
TPN, ete. 

Dialysis of the enzyme preparation against more of the buffer solution 
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used in its preparation resulted in a considerable loss of activity not re- 
stored by the combined addition of ATP, DPN, TPN, FAD, thiamine 
pyrophosphate, etc. In general the dialyzed preparations have not been 
reactivated by heated tissue extracts. However, such extracts contain 
numerous substrates and cofactors which greatly complicate the picture 
by permitting many side reactions to take place. 

Substitution of Other Substrates—When a-ketoglutarate is replaced by 
pyruvate, succinate, citrate, or acetoacetate, little phosphorylation is 
observed (Table III). In the case of succinate one would not expect 
oxalacetate to act as an oxidant because of its much lower oxidation- 
reduction potential. While oxalacetate may act as an oxidant to convert 
isocitrate to oxalsuccinate, two explanations may be suggested for the 
failure to obtain phosphorylation: (a) the necessary enzymes may have 
been washed out of the tissue particles, and (b), even if the reaction oc- 
curred, the relatively small difference in potential between the two systems 
(23) makes coupling with phosphorylation seem unlikely. Pyruvate may 
show no additional effect because the maximal response has already re- 
sulted from pyruvate formed from oxalacetate and is therefore present 
in the control with oxalacetate alone. Acetoacetate but not pyruvate will 
replace oxalacetate as an oxidant (Table IIT). 

Optimal Substrate Concentrations and Incubation Period—Maximal 
amounts of phosphorylation are obtained with approximately 0.04 m ox- 
alacetate and 0.015 m a-ketoglutarate. Doubling the concentration of 
either substrate results in inhibition. Uptake of inorganic phosphate is 
very rapid during the first 20 minutes and continues more slowly up to 
45 to 50 minutes. 


Balance Experiments 


Experiments in which a balance was established between the substrates 
removed and the products formed were carried out with two purposes in 
mind: (a) to demonstrate directly that the coupled oxidation-reduction 
reaction was occurring, and (b) to measure the amount of phosphorylation 
per molecule of a-ketoglutarate oxidized. The figures (Table IV) for the 
substances present before incubation all represent values actually de- 
termined on aliquots removed at zero time. 

Without Substrate—During incubation without substrate there is a small 
increase of inorganic phosphate due to splitting of ATP and other organic 
phosphates, even with sodium fluoride present (Table IV). When the 
tissue is incubated with the appropriate substrates, the decrease in in- 
organic phosphate greatly exceeds the increase mentioned above. 

Oxalacetate Alone As Substrate—The oxalacetate largely disappears 
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during incubation (Table IV). No pyruvate accumulates, but roughly 
two-thirds of the oxalacetate is recovered as malate (any isocitrate formed 
would have been included with malate by the method of determination 
used). Insignificant amounts of a-ketoglutarate are found, but a little 
succinate does appear. 


TaBLe III 
Comparison of Substrates 
All tubes contained inorganic phosphate, 0.038 mM NaF, 0.006 m MgCl», 0.0012 
ATP, 0.2 mg. of DPN, hexokinase, 50 micromoles of glucose, and enzyme. Total 
volume 2.0 to 2.4 ml.; pH 7.4; incubation anaerobically at 30° for 45 minutes. All 
values are in micromoles. 


Substrates Inorganic phosphate 
Experiment No. sed 
Oxalacetate ptt ae A 
1. Dog kidney 100 26.6 
20 25.1 
100 20 20.0 —6.6 
20 pyruvate 25.2 
100 i a -* 25.8 -0.8 
20 succinate 27.8 
100 20 x 28.1 +1.5 
20 citrate 28.6 
100 20 =“ 26.4 —0.2 
2. Rat liver 53.1 
26 48.2 —4.9 
100 47.1 —6.0 
100 26 35.0 —18.1 
26 pyruvate 50.8 —2.3 
26 26 - 48.5 —4.6 
3. Rat liver 42.8 
80 40.8 —2.0 
| 2 Sy 37.6 —5.2 
80 30 15.0 —27.8 
60 acetoacetate 43.5 +0.7 


30 260 22.4 | 20.4 

These data are consistent with the suggestion that reactions (4) to (9) 
account for the removal of the oxalacetate and any pyruvate formed from 
oxalacetate. The sum of reactions (4) to (9) indicates that 60 per cent of 
the oxalacetate used would be converted to malate, while the succinate 
formed would never exceed 20 per cent of the oxalacetate removed. The 
net result of reactions (4) to (6) would be the formation of 2 malate equiv- 
alents for each 3 molecules of oxalacetate removed, thus satisfying this 








TaBLe IV 
Balance Experiments 
All flasks contained approximately 0.02 m inorganic phosphate, 0.038 m NaF, 
0.006 m MgCl:, 0.02 m glucose, 0.0012 m ATP, 0.0002 m DPN, hexokinase, and rat 
liver enzyme; pH 7.6; incubation anaerobically for 45 minutes at 30°. All values 
expressed as micromoles per 10 ml. of reaction mixture. 


| ‘ 
Substance determined 





Before | ry 
= : Substrate added 3 = : 
tion | | | c | 3 r a-Ketoglutarate Succinate oc 
La |§|#&| 3 
Experiment 1 
Before | 1 None | 3 211 
2 Oxalacetate 323 | 49/13) 5 3.2 218 
3 | a-Ketogluta- | 0| 4/ 18/ 107 8.0 220 
rate | | 
4 | Oxalacetate + 350 | 24 | 22 | 101 11.2 218 
| a-ketoglu- | 
 tarate 
After 1 | None | 5 | 239 
2 | Oxalacetate | 23 | 31 205; 2 33.6 | 211 
| 3 | a-Ketogluta- | 0) 3) 25 89 | 20 234 
| | rate eC oid | 
| 4 | Oxalacetate +) 44 | 79 237 3 131 139 
a-ketoglu- 
tarate 
A due to reaction in Flask 4* —77 to —88 |+78 to +77 |—68 to —72 
Experiment 2 
Before | 1 | None 3 | 195 
2 | Oxalacetate (326 | 52 | 2 3 8.5 201 
3 | a-Ketogluta- 0; 5! 14! 106 22 200 
rate 
4 | Oxalacetate + 365 | 26 0 | 120 12.4 203 
a-ketoglu- | 
|  tarate | 
After 1 | None 2 | 222 
| 2 | Oxalacetate 85 43 |194 2 18.7 215 
| 3 | a-Ketogluta- 0; 2;19] 8 36 217 
| | rate | | 
| 4 | Oxalacetate + 87 | 75 264 7 123 138 
a-ketoglu- | 
| tarate 
A due to reaction in Flask 4* —92 to —81 |+87 to +68 |—69 to —77 


* The first figure given for A is the change in Flask 4 during incubation corrected 
for the changes in Flasks 2 and 3. The second figure is the amount found in Flask 4 


after incubation corrected for the amounts found in Flasks 2and3. (For phosphate 


the second figure is calculated from the oxalacetate control alone.) 
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(4) Oxalacetate — pyruvate + CO: 

(5) Oxalacetate + pyruvate — isocitrate + CO, + 2H* + 2e 

(6) Oxalacetate + 2H* + 2e —> malate 

(7) Oxalacetate + isocitrate — malate + oxalsuccinate 

(8) Oxalsuecinate — a-ketoglutarate + CO: 

(9) Oxalacetate + a-ketoglutarate > malate + succinate + CO, 


Sum = 5 oxalacetate — 1 succinate + 4CO. + 3 malate 
part of the balance, but no succinate would be formed. The amounts of 
succinate which appear (Table IV) suggest that 20 to 50 per cent of the 
substrate undergoes the whole sequence of reactions (4) to (9). Most of 
these reactions have been studied directly in animal tissues (1, 24-26). 

The quantitative data from the balance experiments suggest a correla- 
tion between succinate formed and phosphate esterified (30 succinate 
molecules for 28 phosphate molecules esterified in one case, 10 and 7 in the 
other). Thus, reaction (9) might account for all of the phophorylation 
observed. This would mean that reaction (5), another in which phos- 
phorylation might be expected, apparently did not result in much phosphate 
uptake in these experiments. 

a-Ketoglutarate Alone As Substrate—In this case the amount of inorganic 
phosphate removed is usually very small (Table IV). In each balance 
experiment 18 to 20 micromoles of a-ketoglutarate disappeared and 12 to 
14 micromoles of succinate appeared. These figures suggest that the major 
reaction occurring is dismutation of a-ketoglutarate (5), reaction (10). 
(10) 2 a-Ketoglutarate — succinate + CO. + a-hydroxyglutarate 


' 
This reaction could easily account for the small amount of phosphorylation 
observed. 

Oxalacetate and a-Ketoglutarate Together As Substrates—When both sub- 
strates are added, a number of striking changes occur during incubation. 
(1) The oxalacetate is removed essentially to the same extent as when it 
is added alone; yet the data indicate a shift to a-ketoglutarate oxidation as 
the major reaction. (2) Malate appears in quantities somewhat greater 
than with oxalacetate alone, and there is a small accumulation of pyruvate. 
These two substances account for a large proportion of the oxalacetate 
disappearing. The tendency for a little pyruvate to accumulate suggests 
that less of reaction (5) and more of reaction (9) takes place. (3) a- 
Ketoglutarate, determined by two methods, is almost entirely removed in 
Flask 4, in contrast to Flask 3. Since by the enzymatic method of deter- 
mination 85 to 90 per cent of any a-hydroxyglutarate is included, reduction 
cannot explain the disappearance of a-ketoglutarate. (4) Succinate 
appears in large amounts. After allowance for the changes in the control 
flasks, it is apparent that a-ketoglutarate removal and succinate formation 
are equivalent within the over-all limits of error. This equivalence estab- 
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lishes directly the oxidation taking place. Since the reduction of oxalace- 
tate to malate is more than sufficient to account for the a-ketoglutarate 
oxidation, the balance experiments are direct evidence for the occurrence 
of a coupled oxidation-reduction. (5) There is a marked uptake of in- 
organic phosphate, as expected from earlier experiments. The exact value 
depends on the control value which is subtracted. Since there are two 
control values, subtracting the sum of the two is the most conservative 
procedure, and such values are the first ones given. Roughly 1 molecule 
of phosphate was esterified for each molecule of a-ketoglutarate oxidized to 
succinate. 
DISCUSSION 

The failure of earlier workers (26) to demonstrate the coupled oxidation- 
reduction between a-ketoglutarate and oxalacetate and to observe the 
phosphorylation linked with this reaction was undoubtedly due to the use 
of tissue slices, homogenates, or extracts in which too many side reactions 
and destructive reactions were occurring. In the present work the use of 
washed tissue particles permitted a clear cut study of the reaction, because 
so many complicating reactions were practically eliminated. The addition 
of hexokinase to transfer phosphate from newly formed ATP to glucose is 
essential. 

In the classical representation of the mechanism for a coupled oxidation- 
reduction of this type there would be two steps; v7z., 
(a) a-Ketoglutarate + coenzyme — swecinate + CO. + reduced coenzyme 


(b) Reduced coenzyme + oxalacetate — coenzyme -+ malate 


The difference between the oxidation-reduction potential of the oxaluce- 
tate-malate system (E’) = —0.100 to —0.180 volt at pH 7, 30°) and the 
oxidation-reduction potential for the a-ketoglutarate — succinate system 
(E’, calculated to be about —0.600 volt at pH 7.0, 30°) (23, 27, 28) is more 
than adequate to account for the creation of one energy-rich phosphate 
bond in the anaerobic reaction. If there were a high degree of efficiency 
in the use of the energy, more than one high energy phosphate bond might 
be formed, for in an oxidation involving 2 electrons a potential difference 
of about 0.50 volt is equivalent to 24,000 calories. 

The identity of the coenzyme or prosthetic group (if one participates in 
the reaction) remains to be established. The only oxidation-reduction 
coenzyme which caused any stimulation at all was DPN; yet, as discussed 
sarlier, this relatively small stimulation could easily be explained by effects 
other than a direct participation. If the reduction of oxalacetate occurs 
through the regular malic dehydrogenase, DPN is a likely participant, for 
that enzyme reacts 15 times faster with DPN than with TPN (29). How- 
ever, TPN is not ruled out. 
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Since both reactions (a) and (b) of the proposed mechanism involve 
oxidations, theoretically the uptake of inorganic phosphate and its con- 
version to high energy phosphate might occur in either step or in both. 
The exact point of origin of the energy-rich phosphate bond remains to be 
determined, but the first step seems more probable on the basis of our 
present knowledge of other oxidative phosphorylations and the energy 
relationships involved. Preliminary tests with more than catalytic 
amounts of DPN and reduced DPN have been negative. However, these 
experiments must be considered critically, because (a) DPN may not be 
the coenzyme and (b) the preparations used were not 100 per cent pure. 

Phosphorylation linked with both steps of the reaction would require 
very great efficiency in the conversion of energy into phosphate bonds and 
seems somewhat unlikely. Yet the fact that roughly 1 phosphate mole- 
cule is esterified per molecule of a-ketoglutarate oxidized, even when no 
corrections are made for phosphatase and adenosinetriphosphatase ac- 
tivity, leads one to speculate about the possibility of two phosphate es- 
terifications. Although sodium fluoride does not completely inhibit the 
splitting of phosphate from organic combination, the correction to be ap- 
plied probably would be much smaller than that used by Ochoa (20) be- 
‘ause of the addition of generous amounts of hexokinase in these experi- 
ments. If 2 orthophosphate molecules were combined to yield 1 inorganic 
pyrophosphate molecule, by usual criteria it would appear that two phos- 
phorylations had occurred. However, presumably no more than one of 
these could ever be transferred to glucose, and no evidence has been ob- 
tained which suggests pyrophosphate formation. 


SUMMARY 


1. Washed tissue particles from kidney and liver contain an enzyme 
system which catalyzes an oxidation-reduction between a-ketoglutarate 
and oxalacetate under anaerobic conditions. 

2. a-Ketoglutarate is oxidized quantitatively to succinate and carbon 
dioxide, while oxalactate is reduced to malate. 

3. Addition of purified yeast hexokinase plus glucose makes possible ; 
clear cut demonstration that the above oxidation-reduction is coupled 
with creation of high energy phosphate bonds. 

4. Approximately 1 inorganic phosphate molecule is converted to or- 
ganic form for each molecule of a-ketoglutarate oxidized, without applying 
any corrections for losses in side reactions. 

5. Acetoacetate, but not pyruvate, may be substituted for oxalacetate 
as the oxidant. In general other substances cannot be substituted for 
a-ketoglutarate if phosphorylation is to be observed with a well washed 
tissue preparation. 
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6. Some properties of the enzyme system are described, and possible 


mechanisms for the reaction are considered. 


The author is greatly indebted to Dr. Carl F. Cori, Dr. O. H. Lowry, 


and members of their departments for valuable criticism and advice. 
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Il. ELECTROPHORETIC STUDIES ON SERUM PROTEINS DURING 
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It has been known that certain azo dyes will produce cancer of the liver. 
During the precancerous stages the liver appears to undergo some definite 
changes. , The activity of these azo dye carcinogens is influenced by 
several dietary factors. Thus the liver can be protected partially from the 
effects of the dye by simultaneous intake of increased amounts of riboflavin 
(1). This conforms with the fact that administration of these azo dye 
carcinogens brings about a decrease in the amount of riboflavin normally 
present in the liver (2, 3). Feeding of m’-methyl-p-dimethylaminoazo- 
benzene increases the desoxyribonucleic acid content of the liver (4). 
Opie (5) and Price et al. (6) have observed that a similar dye, p-dimethyl- 
aminoazobenzene, reduces the ribonucleic acid content of this organ. 
Miller and Miller (7) have found that p-dimethylaminoazobenzene or a 
metabolite of this compound is bound by a protein constituent of the liver. 
They found that this azo compound is not bound appreciably by other 
tissues. However, they observed low levels of bound dye in the proteins 
of the blood plasma. 

In connection with studies on azo dye carcinogenesis, it was considered 
of interest to determine any changes which might occur in the proteins of 
the blood serum during the development of liver tumors, hence the inves- 
tigations reported in this present paper. 


EXPERIMENTAL 
Effects of m’-Methyl-p-dimethylaminoazobenzene on Rat Serum 


Procedure—First, electrophoretic experiments were performed on the 
blood serum from rats fed the active carcinogenic azo dye, m’-methyl-p- 
dimethylaminoazobenzene. The animals used were adult male albino rats 
of the Holtzman Sprague-Dawley strain.' They were fed a_ purified 
diet (4) which contained an added 0.06 per cent of the m’-methyl azo dye. 
At the end of various periods of time, the blood serum was analyzed for its 
protein constituents. 


1 Obtained from Holtzman Laboratory Animals, Inc., Madison, Wisconsin. 
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Samples were taken from the heart upon sacrifice of the animal, groups 
of three to five rats being used. The samples were allowed to clot and 
were then centrifuged. The serum was pooled and diluted to 3 times its 
volume with a sodium diethyl barbiturate buffer? of ionic strength 0.1, and a 
pH of 8.3. The solution so obtained was poured into a Nojax cellulose 
sausage casing bag* and dialyzed against 1.8 liters of the same buffer for 
15 or more hours until a Donnan equilibrium was attained. 

The electrophoretic experiments were carried out in the Tiselius ap- 
paratus* with an 11 cm. cell. The cell was filled with the protein and 
buffer solutions in a cold room at 1-8° and then allowed to equilibrate in a 
water bath at 0.6°, the temperature at which the electrophoresis was per- 
formed. As the serum proteins are all negatively charged at the pH used, 
the protein boundaries separated and migrated toward the anode. In 
general, the experiments were continued until the fastest moving albumin 
component had traveled the length of the cell. The potential gradients 
used came within the range of 4 to 6 volts per cm.; the lengths of the experi- 
ments were 18,000 to 25,200 seconds when the lower potential gradient 
was used. The initial and final boundary patterns were photographed by 
the schlieren scanning method of Longsworth (9). 

Mobuilities—The electrophoretic mobilities of the proteins of the serum 
were calculated from the descending pattern by measuring their migration 
distances from the ¢, buffer-dilution boundary. Conductivity measure- 
ments were made on the outer buffer solution used for dialysis. 

The mobilities for the components of normal rat serum were calculated. 
The averages of the values for six experiments, together with the average 
deviation, are given for each component: albumin 5.6 + 0.1, a-globulin 
anomaly® 3.5 + 0.2, 8-globulin 2.6 + 0.1, y-globulin 1.5 + 9.1, all in units 
of 107° em. X (volts per em. X second). An a-globulin anomaly re- 
ported by others (10, 11) was generally observed in the descending boundary 
pattern. Its mobility was calculated in the four out of six cases in which 
it appeared as a means of identification. The above mobilities appear to 
be in line with data given by Deutsch and Goodloe (10) and Moore (11) for 
rat serum at pH 8.6. The values given here are slightly lower, due to the 
lower pH of 8.3 used. 

The mobilities calculated for the components of the many samples of 





2 The sodium diethyl! barbiturate buffer of Longsworth (8), ionic strength 0.1, and 
calculated to have a pH of 8.3: 0.050 n NaV-0.020 xn HV-0.050 n NaCl, where V = 
diethyl barbiturate. 

’ Obtained from the Visking Corporation, 6733 West 65th Street, Chicago 38, 
Illinois. 

‘A modified Klett electrophoresis apparatus. 

> Average of four values. 
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serum from rats on the carcinogenic azo dye diets did not differ from those 
found for the normal serum. 

Composition—The relative protein composition of each sample was 
determined. Since the area under each peak is proportional to the total 
concentration of that component, the percentage of each serum protein 
present was determined by resolving the pattern into a series of symmet- 
rical curves. The total protein concentration was calculated from 
Kjeldahl nitrogen analyses. The average value obtained from twenty- 
nine of the undiluted serum samples was 5.41 gm. of protein per 100 ml. 
The average deviation was +0.52 gm. per 100 ml.; the range, 4.15 to 6.61 
gm. per 100 ml. ‘Two typical electrophoretic patterns are shown. Fig. 1 
shows a pattern obtained for serum from normal rats and a characteristic 


Normal 





6 Weeks 
m'Me DAB 





Ascending 4 + > Descending 


Fia. 1. Electrophoretic patterns of rat sera 





diagram for serum from rats in receipt of the m’-methyl azo dye. It can 
be seen that the relative amount of albumin decreased, whereas the per- 
centage of y-globulin definitely increased in this second case. 

The data obtained for the percentage composition of normal serum and 
serum from rats receiving the m’-methyl-p-dimethylaminoazobenzene are 
given in Table I. Since the a-globulin peaks were ill defined, their areas 
were estimated together as the total amount of a-globulin. The average 
values* (and the ranges) for the components of normal rat serum, 272. 
66 per cent albumin, 14 per cent a-globulin, 13 per cent 8-globulin, and 6 
per cent y-globulin, agree essentially with the values found by Deutsch 
and Goodloe (10) and Moore (11). In general, three serum samples from 


6 Unless otherwise indicated the serum protein percentages reported in this paper 
are proportional values and not absolute concentrations. 
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the rats on the m’-methyl azo dye were analyzed after each 2 week interval 
of feeding. At the end of the first 2 weeks the relative amount of y- 
globulin in the serum had definitely increased; the average value was 19 
per cent, the range 13 to 27 per cent. The percentage of this component 
remained high as long as the dye was fed. The values found for the a- and 
8-globulin components during the entire 8 week feeding period were normal. 
The percentage of serum albumin, however, had definitely decreased at the 
end of 2 weeks to an average value of 53 per cent (44 to 61 per cent). The 


TABLE [| 


Effect of m'-Methyl-p-Dimethylaminoazobenzene on Percentage Composition 
of Rat Sera by Electrophoretic Analysis* 


3 Albumin a-Globulin 8-Globulin -Globulin 
SE| Diet ar aan Tan 
3% | rod Range — Range — Range — Range 
p/h per cent pd per cent oud per cent ~ per cent 
6 | Normal 66 | 60-74 14 11-26 13 | 10-14 6 2-10 
1 | 1 wk., m’Me-DABt 71 | 11 13 | 5 
5 | 2 wks., v1 53 | 44-61 | 15 | 12-16 | 14 | 12-17 | 19 | 13-27 
3. pe ie 55 | 54-56 | 14 | 13-16 | 13 | 11-15 | 18 | 16-19 
ee i iy 58 | 55-60 | 14 | 13-16 | 13 | 12-14 | 16) 15-16 
ee, ‘- 55 | 54-58 | 16 | 15-17 | 12 | 12-14 | 17 | 16-18 
Lie * “ + 2) 56) 18 16 | 10 
wks., normal (hepatomas) | 
1 10 wks., m’Me-DAB + 4) 53 25 11 11 
wks., normal (hepatomas) 
1 | 2wks., m’Me-DAB + 1 wk. 66 17 14 | 3 


(normal) 





* Buffer, sodium diethyl barbiturate, ionic strength 0.1, pH 8.3 (8.21-8.40), po- 
tential gradient, 4 to 6 volts per em. 

+ Percentages are the fractional areas of the electrophoretic diagrams due to each 
component, and represent the percentages of the total amount of protein in the 
serum present as these components. 

t m’-Methyl-p-dimethylaminoazobenzene, 0.06 per cent in the diet. 


relative amount of albumin remained low as long as the dye was continued: 
Administration of the carcinogenic m’-methyl-p-dimethylaminoazobenzene 
over a period of time results in an increased percentage of serum y-globulin 
and a concurrent decrease in serum albumin. 

Serum from animals to which the dye had been fed for only 1 week was 
analyzed. The values obtained (Table I) show that the percentage dis- 
tribution of serum proteins was normal at the end of this period of time. 

Two electrophoretic experiments were performed on sera from animals 
which had developed liver tumors. In the first case, the rats developed 
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tumors after being fed the diet containing the m’-methyl azo dye for 8 
weeks followed by a normal diet for 2 weeks. In the second case, the 
tumors had developed after 10 weeks on the diet containing the m’-methyl 
dye followed by 4 weeks on a normal diet. The percentage of y-globulin 
in both of these samples was in the upper part of the normal range, while 
the percentage of albumin was still somewhat low. The relative amount 
of a-globulin appeared to be high in the second sample, although one normal 
sample had been obtained with an equally high concentration. It is 
interesting to compare these results with those obtained by Seibert et al. 
(12) from electrophoretic analyses of sera from clinical cases of carcinoma. 
They found no increase, and often a decrease, in y-globulin. In cases 
with metastases to the liver which resulted in jaundice, however, they found 
an abnormally high y-globulin. The ae-globulin was found to be increased 
in practically all cases, while the concentration of albumin has been found 
to be low in carcinoma sera (12, 13). 

In an effort to determine whether the drop in the y-globulin of the sera 
from the rats with liver tumors could be due to the return to a normal 
diet, another electrophoretic analysis was made of serum from animals fed 
the azo dye diet for 2 weeks, followed by a normal diet for the succeeding 
3rd week (Table I). In this case, the relative amounts of proteins were 
normal. Evidently the composition of the blood serum returns rapidly 
to normal when feeding of the carcinogenic azo dye is discontinued. 


Effects of Structurally Related Azo Compounds and One Non-Azo Compound 


Electrophoretic studies were made of sera obtained from rats fed two 
other azo compounds related structurally to the m’-methyl azo dye and one 
non-azo, but carcinogenic, compound, 2-acetylaminofluorene. 

Azo Compounds—The serum from rats which had been fed p-dimethyl- 
aminoazobenzene was studied. This compound is intermediate in carcino- 
genic activity between the active m’-methyl-p-dimethylaminoazobenzene 
and the relatively non-active azobenzene. The tabulated results (Table IT) 
show that the percentage of y-globulin found in the serum samples after 4 
weeks and 8 weeks of feeding was slightly above the normal values. At 
the end of 3 months of feeding, the serum composition had apparently 
returned to normal. Administration of an increased amount of p-dimethyl- 
aminoazobenzene in the diet (0.09 per cent as compared to the usual 0.06 
per cent) resulted in approximately 13 per cent of y-globulin at the end 
of 2 week and 4 week periods. These amounts were the same as those 
found with the lower concentration of carcinogen. 

The relatively non-carcinogenic compound, azobenzene, produced sera 
that were essentially normal at the end of 2 and 4 week intervals. The 
values of 11 and 12 per cent obtained for the y-globulin were slightly above 
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normal. It appears from the electrophoresis of sera from rats fed these 
three structurally related azo compounds that the magnitude of the in- 
crease in the percentage of y-globulin is in line with the relative order of 
activity of the carcinogenic agents. The most active derivative, m’- 
methyl, definitely produced the most marked effect. 

Non-Azo Compound, 2-Acetylaminofluorene—Two electrophoretic analy- 
ses were made of serum from animals which had been fed the non-azo com- 


TaB_LeE II 


Effects of Three Azo Compounds and One Non-Azo Carcinogen on Percentage 
Composition of Rat Sera 





Albumin a-Globulin 8-Globulin +-Globulin 











— Diet | Time | ——- ‘Far tapaainema! 8 Rr Ean , 
aad Aver! Range (Aver) Range AV&r) Range AYES) Range 
wks. p ber cent | Lie per cent | onl per cent | per cent 
6 Normal | 66 | 60-74 | 14 | 11-26 | 13 | 10-14 | 6 | 2-10 
3 m'Me-DABt 4 | 55 | 54-56 | 14 | 13-16 | 13 | 11-15 | 18 | 16-19 
1 DABt (0.06%) 4 | 61 | 14 | 13 | | 13 | 
1 “ 0.06%) 8 | 59 | 18 | | 12 | | 12 
. “ — @.06%) | 12 | 66 | 63-70 | 16 | 15-17 | 12| 10-14] 6] 4-8 
1 | “ (0.09%) | 2 | 61 14 | 12 | 13 
I “ (0.09%) | 4 | 57 17 | | 13 14 
2 Azobenzene 2 | 59 | 58-60 | 17 | 16-19 | 13 | 12-14 | 11 | 10-12 
2 “ | 4 | 61 | 61-62 | 16 | 16-17 | 11 | 10-12 | 11 | 10-12 
1 AAF$§ | 2 | 63] 16 | 12 8 
1 “ | 6 | 62 | 15 | 15 | 8 











* Percentages are the fractional areas of the electrophoretic diagrams due to each 
component, and represent the percentages of the total amount of protein in the 
serum present as these components. 

+ m’-Methyl-p-dimethylaminoazobenzene. 

t p-Dimethylaminoazobenzene. 

§ 2-Acetylaminofluorene. 


pound, 2-acetylaminofluorene. This compound is an active carcinogen; 
it produces cancer of the liver as well as of other tissues. The analyses 
showed that at the end of a 2 week and a 6 week interval a normal propor- 
tion of 8 per cent of y-globulin was present. The values for the other serum 
components were also normal. The absence of any effect of this carcinogen 
on the blood serum, compared to the increase in y-globulin caused by the 


azo dye carcinogens, is noteworthy. However, it may be that longer 
administration of 2-acetylaminofluorene would produce changes in the 


composition of the serum. 
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DISCUSSION 

Administration of the active carcinogenic azo dye, m’-methyl-p-dimeth- 
ylaminoazobenzene, in the diet of rats over a period of time resulted in a 
definite increase in the serum y-globulin accompanied by a decrease in 
serum albumin. These results may be considered in the light of other 
studies related to this work. It has been found, in general, that many 
pathological conditions result in a reduction of serum albumin and an 
increase in globulin, usually y-globulin (13-17). It is also well known that 
formed antibodies travel with the y-fraction (18-25). Thus an increased 
y component is often associated with antibody formation. Gray and 
Barron (26) and others (27-29) have shown that liver disease in humans 
results in a decrease of albumin with a compensatory increase in globulin, 
usually y. The magnitude of these changes depends on the degree of liver 
damage. Therefore, the decreased amount of albumin and the increased 
y-globulin content found in the sera of rats fed carcinogenic azo dyes are 
non-specific changes. However, it appears very interesting that these 
changes can be correlated with the order of carcinogenic activity of these 
compounds. 

It is also of interest to note the time sequence of liver protein response. 
The electrophoretic experiments on the blood sera of rats fed m’-methyl-p- 
dimethylaminoazobenzene showed marked changes in protein composi- 
tion at the end of 2 weeks. The first visible signs of liver cirrhosis were 
observed at 4 weeks. Miller and Miller (7) have found that the binding 
of the carcinogenic dye, p-dimethylaminoazobenzene, first occurs in 4 days. 
The maximum amount of this dye is found to be bound in the liver at 4 
weeks; then the amount of bound dye slowly diminishes to a very small 
amount at 20 weeks, although the dye is continually being ingested. Since 
the m’-methyl azo dye is a more active carcinogen, it also might be expected 
to be bound in the liver within 4 days at least. 

The protein composition of sera from rats on the carcinogenic non-azo- 
2-acetylaminofluorene was normal after 2 and 6 weeks. Although the 
livers of these animals were not completely normal, very little damage could 
be observed visually. 


SUMMARY 


Electrophoretic studies of the relative protein composition of blood serum 
from rats fed carcinogenic azo dyes led to the following results. 

1. Three azo compounds, m’-methyl-p-dimethylaminoazobenzene, p- 
dimethylaminoazobenzene, and azobenzene, and the non-azo carcinogen, 
2-acetylaminofluorene, had no noticeable effect on the mobilities of the 
serum proteins. 
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2. Administration of the active carcinogen, m’-methyl-p-dimethyl- 
aminoazobenzene, in the diet resulted in an increased percentage of y- 
globulin and a decreased percentage of albumin in the blood serum at the 
end of 2 weeks. These changes were observed as long as the feeding of the 
dye was continued. The composition of the serum returned to normal 1 
week after the dye was discontinued. 

3. Feeding of a non-azo carcinogen, 2-acetylaminofluorene, produced no 
apparent change in the serum composition after 6 weeks. 

4. Comparative studies were made of the effects of three structurally 
related azo compounds on the composition of the serum. m/’-Methyl-p- 
dimethylaminoazobenzene is strongly active as a carcinogen, p-dimethyl- 
aminoazobenzene is intermediate, and azobenzene is relatively non-active. 
The m’-methyl derivative definitely produced the most marked effects on 
the relative amounts of serum albumin and y-globulin. The p-dimethyl- 
aminoazobenzene produced a much smaller effect, while the azobenzene 
produced little, if any. The magnitude of the changes produced by these 
azo dyes appears to be in the order of their carcinogenic activity. 


It is with pleasure that the authors acknowledge Miss Eleanore Frey’s 
contribution to this research by conducting the series of Kjeldahl nitrogen 
determinations. We wish to express our appreciation to the American 
Cancer Society, the Rockefeller Foundation, and the United States Public 
Health Service for grants which helped to make this work possible. 
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THE COMBINATION OF ORGANIC ANIONS WITH 
SERUM ALBUMIN 


VI. QUANTITATIVE STUDIES BY EQUILIBRIUM DIALYSIS 


) A CORRECTION 


By J. D. TERESI anno J. MURRAY LUCK 
(From the Biological Laboratory, Department of Chemistry, Stanford University, 
California) 
(Received for publication, October 18, 1948) 


Our attention has been called to an oversight in the calculations in our 
recent paper.!. All K values should be multiplied by 1000/15 and the ky 
| values by 15/1000. The— AF; values should be corrected by subtracting 
| 2285 calories per mole from the energy values reported. 
We are indebted to Dr. Karush of the College of Medicine, New York 
University, for calling our attention to this error. 


1 Teresi, J. D., and Luck, J. M., J. Biol. Chem., 174, 653 (1948). 
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ESSENTIAL GROUPS FOR THE INTERACTION OF 
OVOMUCOID (EGG WHITE TRYPSIN INHIBITOR) 
AND TRYPSIN, AND FOR TRYPTIC ACTIVITY 


By HEINZ FRAENKEL-CONRAT, ROSS 8. BEAN, ann HANS LINEWEAVER 


(From the Western Regional Research Laboratory,* Albany, California) 
(Received for publication, June 29, 1948) 


The trypsin inhibitor of egg white has recently been identified as native 
ovomucoid (1). It has been found also that this trypsin inhibitor has little 
or no effect on proteolytic enzymes other than trypsin. Thus at least 25 
times as much inhibitor was needed to inhibit any of ten other proteolytic 
enzymes studied as was required to inhibit trypsin.' Because of this 
remarkable specificity, the mode of interaction of trypsin and ovomucoid 
appears of particular interest. An elucidation of the chemistry of this 
interaction has been attempted in the present study through the prepara- 
tion of derivatives of both proteins. 

The more important findings include the following: (a) Acetylation of 
most of the amino groups inactivated neither the inhibitor nor trypsin, 
but acetylated trypsin was no longer susceptible to inhibition by ovomucoid 
or its acetyl derivative. (b) In contrast to the amino groups, the carboxyl, 
phenolic, guanidyl, and possibly other types of groups in ovomucoid were 
essential for its inhibiting action. (c) The proteolytic activity of trypsin 
was independent of most of its amino and many of its carboxyl, phenolic, 
imidazole, and disulfide groups, but it seemed to be dependent upon the 
integrity of amide, guanidyl, indole, and possibly hydroxyl groups. Thus 
it appears that trypsin combines with the substrate through groups other 
than amino but combines through its amino groups with the acid groups of 
the inhibitor. Other groups in both proteins probably perform important 
secondary functions in stabilizing the primary ionic combination. 

Limited kinetic studies indicate that the inhibition of trypsin by ovo- 
mucoid is of the non-competitive type, in agreement with the chemical 
indications that the substrate and inhibitor combine with different active 
groups of trypsin. 


EXPERIMENTAL 
Preparative Methods 


Acetylation was performed by treating the proteins in 5 per cent solution 
or suspension in half saturated sodium acetate with acetic anhydride (1.2 to 
* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 


ministration, United States Department of Agriculture. 
1 Lineweaver, H., and Bean, R. S., unpublished work. 
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2.4 ml. per gm. of protein distributed over 1 hour), the reaction mixtures 
being held in an ice bath throughout unless otherwise specified. This 
technique was previously found to cause acetylation of only the amino 
groups in a number of proteins (2). 

Esterification was achieved by treating 100 mg. of protein with 10 ml. 
of methanol containing 0.1 N hydrochloric acid (3) for 1 or 24 hours at room 
temperature or for 4 days at —5°. Methanolic hydrochloric acid appears 
to be a specific esterifying agent for carboxyl groups in proteins.’ The 
esterified preparations and control samples suspended in methanol without 
HCl were isolated by centrifugation after addition of several volumes of 
anhydrous ether to precipitate any dissolved protein.t They were washed 
with ether and dried, redissolved in a small volume of water, and lyo- 
philized. The trypsin derivatives were subsequently dialyzed, at least in 
part, to ascertain the protein nitrogen content of the samples. 

An alternative but less effective method of esterification was by means of 
treatment with 20 per cent propylene oxide in 1 per cent acetic acid (4). 
Epoxides may combine also with some phenolic and amino groups, even 
under the most specific, 7.e. acid reaction conditions (4), but the phenolic 
groups appeared unaffected in the present experiments. 

Partial iodination of the proteins was carried out in 0.6 M acetate buffers, 
pH 5, by addition of 0.2 ml. of 0.05 Nn iodine (KI) solution for 100 mg. of 
ovomucoid or 140 mg. of trypsin. At 3° the solutions remained yellow after 
1 to 3 days. The ovomucoid-containing reaction mixture was not com- 
pletely colorless after an additional day at 23°; the trypsin solution was 
decolorized after a few hours. For the more intensive iodination of 
trypsin, 100 mg. of protein were treated with up to 0.6 ml. of 0.1 N iodine 
in the course of 2 days (final pH 4.8) or for 4 hours at pH 6.3 (phosphate 
buffer). One experiment was performed in 5 M urea solution at pH 5 
(0.5 ml. of 0.1 N iodine, 5 hours). 

Coupling of ovomucoid with diazotized sulfanilic acid was performed at 
room temperature by adding to the protein solutions, buffered at pH 7.6, 
amounts of p-diazobenzenesulfonic acid (in freshly prepared 1 per cent 
solution in 0.34 m phosphate, pH 7.6), which corresponded to 2.6 or 13 
equivalents per 10* gm. of protein. Trypsin was treated with 1 and 4 
equivalents, per 10¢ gm. of protein, respectively. The yellow and red re- 
action mixtures were dialyzed after 30 to 40 minutes. The smaller amounts 


? Free —SH groups also react but are absent from most native proteins, including 
trypsin and ovomucoid. 

3’ Two types of groups which do not generally occur in proteins may react; 7.¢., 
glycosidic hydroxy! (5) and amido N-methylol groups (unpublished finding of Mr. 
D. K. Mecham and Dr. H. S. Olcott of this Laboratory). 

* The activities of both proteins were lowered by no more than 20 per cent by this 
technique, as compared to isolation by dialysis. 
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of the reagent probably coupled largely with the imidazole rings of the two 
proteins, while the larger amounts coupled also with the phenolic rings 
(6, 2). 

Formaldehyde was permitted to act on ovomucoid either for 10 minutes 
at pH 12 (6 per cent formaldehyde, 2.5 per cent protein), or for 1 and 24 
hours at pH 7.6 (2 per cent formaldehyde, 1 per cent protein), or for 4, 2, 
or 1 day at pH 5, 3, or 2.5 (5 per cent formaldehyde, 7 per cent protein). 
Trypsin was treated with formaldehyde at pH 3, 5, and 6 (2 or 3 days, room 
temperature, 4 per cent formaldehyde, 4 per cent protein). In alkaline 
solution (pH 11 to 12) and in the absence of indole groups (7) only the 
amide and guanidyl! groups of proteins are rapidly and stably substituted 
(8). At pH 2.5 to 7.6, particularly at high protein concentration (5 to 
10 per cent), cross-linking between amide or guanidy] groups, on the one 
hand, and amino groups on the other occurs at room temperature in the 
course of 1 to 2 days (8). This same reaction can be rendered more spe- 
cific and thus more useful by the addition of excess (e.g. 5-fold amounts) 
of simple amides, guanidines, or amines to the protein-formaldehyde re- 
action mixture. Thus, when much alanine is present, cross-linking occurs 
preferentially between its amino groups and the amide or guanidy] groups of 
the protein, the amino groups of the latter remaining largely free. On the 
other hand, if acetamide or methylguanidine is present in excess, the same 
reaction leads to the fixation of these compounds to the protein amino 
groups, its amide or guanidyl groups remaining largely free (8). In a 
protein containing tryptophan, e.g. trypsin, the indole groups also react 
with formaldehyde at pH 3, but not appreciably at pH 6 (7). 

Reduction of ovomucoid and trypsin was achieved by treating 5 per cent 
solutions at 25° and pH 5.0 (0.15 M acetate buffer) with 5 per cent mer- 
captoethanol (0.2 ml. per 200 mg. of protein) for time periods ranging from 
15 minutes to 24 hours. Ovomucoid was isolated by precipitation and re- 
peated washing with ethanol. It was subsequently redissolved in a small 
volume of water and again precipitated, washed with ethanol and ether, 
and dried. Trypsin was isolated either by dialysis against 0.001 acid, 
or by precipitation and washing with chilled ethanol, and finally ether.‘ 
Dialysis led to reoxidation, but after isolation by precipitation, the protein 
contained 0.5 —SH groups (per 10‘ gm.) as determined with p-chloro- 
mercury benzoate (9). Both proteins were rendered progressively more 
insoluble with prolonged reducing treatment, probably because of pro- 
gressive aggregation (2). 

In a subsequent experiment, the effect of thioglycol in 1 or 2 m solution 
at pH 5 was compared with that of the 0.1 or 0.2 m reducing agent at pH 
7.6. After 15 to 30 minutes at room temperature, the reaction mixtures 
were cooled and the products isolated by precipitation and washing with 








eS 3 ee Oe ee ee ee ee ee a | ‘Uta Cf Sr Ha “UOT yeUlUrBed 














; og » ASP 1 ‘LZ ,, %9 ’ 7 ” 
9 ¢ [Aplueny shep Z ‘T'S 5, » ne ot Re 
# F [Apiuengs [)°9 apiure 9°Z (@YATS UBA) OUTUTY sfep } ‘¢ Yd ‘a}Rj[Ns ouIprueNs|AYyQour + 5% 
sors Aep 1 ‘9% 5, + + i 
9°6 eprury » BE 55 ” + ” 
g'6 eprue ‘09'7Z (@exATS UBA) OUTUTY sAep 7 ‘¢ Yd ‘oprureyoow + “ 

Ch» | ABp ‘ee ,, » + ”» 
4 2ST PRY | skep Z ‘LE » + » 
Ea CET plow SFE (@eYATS UBA) OUTUTY sAup F ‘¢ Yd ‘ourueye + cs 
= 69 » ‘Tal » Aep 1 ‘GZ ,, - 
7 Cg Oplus -O ZT ploy » &'E » ” 
e O77 [Apruens {oy opie fp] plow ‘[°z (ayxA[S UBA) OUTUTY sXkep ¢ ‘¢ Yd ‘apAyopyeui08 J 
< a 2 - plow oUOJ|NsouezueqozeIp szuereAtmnba gy] ‘Zurdnog 
= “Uru OE ‘9'2 
< 6 ZI plow Sy, (pezApoapAy) ouiso1A 7, Hd ‘poe ouojyynsouszueqozeip sjyuayeatnba gz ‘Zurdnog 
2 9 I (pezAjoupAy) 
S euisoldA} £9°Z (pezAjoupAy) UljOy ‘Pe, plow ‘gp (UlUpAYUIU) oulUTy sAep ¢§ ‘OVOH %I ‘JorqUOD 
5 61 (pezAjoupAy) 
ge  ouisoidy ‘gz (pezAjorpAY) Ul[og ‘eT, plow ‘op (UlIpAYUIU) ourWy sAep ¢ ‘OVOH %I ‘eptxo susAdoig 
° 90 5, | ‘SIY FZ ‘.€% “IOH OU ‘JouyU0D 
Z 99 ” "SAY FZ ‘€% ” ” 
es = & “IY T ‘08% = $a 
y V'% [Axoqjoyy “sly $Z ‘.G— ‘UOIYBOYLIE4Sa JOUBYIITY 
x €1 (pezAjoapAyun) uljoy '6°gT [43008 ‘OT (ULpAYuIu) ourury eplpAyUR o1j008 syuoTealnba QZ ‘07-0 * 
. €"1 (pezAyoup 
< -Aqun) uyog ‘6°¢] [43008 Sz, (ulpAyuiu) ‘OT (@ayxATG UBA) OUTUTY epupAyuR o13008 SsjueTBAInbe QZ ‘,0 ‘UO1VB]AJO0Y 

proonwo0ag 

ulajo1d “wi yo] 190d 
sjuayeambe |‘s]or3U09 pue seaatyVAllap Ul Sdnos¥ [eoTWAaYD sNoleA Jo sjunoOWY +S2AT}BALap a1edaid 07 pasn suO!jIpuod pu¥ UOT}IvAy 

es saanpariag uisdhay pun proonmoag fo uoynziiajovipy) JvIYUhpoup 


] J1avy 





{ND LINEWEAVER 389 


L-CONRAT, BEAN, 


’ 
“ 


FRAENKE 


Le ”? ‘6's ” ”? 
I'g o1seq ‘g°¢ (oYA[G UBA) OUI 


|(6°0) weydoydAry, | 


gt uvydoydAry 'OZI | FOL (ayA[Q uUBA) OUTUTY 
a 9 ‘LZ plow tog 9 ” 
gt uvydoydA1} SO ZT oprure £0°Z = 3 
(zg 1) uvydoydAyy S['g [Apruens ‘gg (eyA[Q UBA) OUTUTY 
O'FL Oprure ‘(atqnyosut yonposg) 
(#1) uvydoydéyy Sze, poe ‘gp (@YATQ UBA) OUTUTY 
(T° 1) weydoydAay fg°9 ouIpIUBNS ‘FO, oprury 
86 plow ‘gE (ay ATS uBA) OUTUTY 
68 PPV 
lg (pezAjoapAy) oursoiA4y Sg°g (pezAjoupAy) ulpoy 
Cg plow ‘O'OT (eYA[g UBA) OUTUTY 
§$(6°% SISATBIP 10758) Eg 
oT ” 
§(2°0 SISA] BIp 410}JB) QT [AXoY oT 
ZL 1» *O% ” ” 
Zp oseq 9'9 [Aj008 Seg (@YATQ UBA) OUTUTY 


uIsdAly, 


ST [Aptuens fg°9 oprure tip] 

(pezAjorpAy) auiso1Ay Sep [ (pezAjorpAyun) f'p'¢ (pazAjorpAy) urpo 
6'¢ (UpAquiu) Z ZT [AJoo" Sg TT plow ‘gp (@¥xAG UBA) OUTUTY 
Z@ 1 [Aptueny 

80 ” Ft ” ” 
PT [Apruens ‘gz (exA]g uBA) OUTUTY 
G’[ (pezAjoipAyun) uljog ‘gt eyeydsoyg 
Ut t(pezAjorpAyun) uljoy ‘gz eyeypng 
GT (pazAjoipAy) outsoi4y Sg]'Q ouIpoy 
PI (pezkjorpAy) ourso144 fp°Z (ulIpAquiu) oury 








1 O8 ‘8S ‘ZH >» r» 

‘ur og ‘,0 ‘ZF Hd ‘uonsurureeq 
sXep z ‘6°z% Hd ‘eapAyapyeusoy usyy ‘uo1pBlAyOy 

yp © Ew " 
sXkep Zz ‘z7°¢ Yd ‘outusls 
sXep ¢ ‘g'¢ Yd ‘aprurezoo"u 
step z ‘O'g Had ‘e7Bj[NS ouIpluBNs[AYQoUr 
sXep z ‘oe Hd ‘oururezo0%" 
sXkep z ‘2°¢ Yd ‘outuele + Pm 


op 


-+- 
+ 
= ” 
+ 
step z ‘og Hd ‘apAyepreui08 7 


skep Z ‘OVOH %I ‘1ouyu0N 


step Z ‘OVOH %I ‘eprxo oualAdoig 


*siy ¥ ‘& 9 ” 
"IU T ‘82 % "iS 
skep ¢ ‘.¢— ‘UOI}BOYLII}S9 [OUBYIII 
” ” ” OFZ ‘20 ” 


apiupAYque d1Va08 Sjus[BAInbea QZT ‘0 ‘UoI}B[AJOOV 


ploonuIoAO pa}BeljUy) 

sAup FL ‘,e¢ ‘esoon[s usyy ‘uoTyBlAVoOyV 
» PL ‘OL + ‘8S ” 

sXep ¢ ‘9'2 Hd ‘gg ‘asoon[pH 

shep ¢ “O%g ‘uonelA1oydsoyg 

‘ull GT ‘.8I— “OS*H “uorzEs[Ng 

“say og ‘¢ Yd ‘T yueyearnba | ‘uoreurpoy 

‘urm ¢T ‘Zp Wd ‘uonsuruveg 


‘ee. +9 ’ + ” 
‘Tm a me 





INTERACTION OF OVOMUCOID AND TRYPSIN 


i) 
for) 
oO 





Ne ee? SS +. > _ a -a oe — eng *. ser = i oS a as eo “= wt ax (= _— Ss 
= ~-— @ a «a > S. 


po cf om —$_.__— 








“(Z) syonpoid uoMovor opAYyopl[eulioj-ofopul Y4yIM peAsosqo A[snotAoid sve ‘yurz ofdaind jo ynq ‘en,q peo1rd Ay oYy3 FOU SEM AOTOO OU, |] 
“uolyBoyIUOdEs 0} enp oq sny} Avul SISA[BIp 19}jJB punoj Jus}U09 


[Axoyyoul J9MO] OYJ, “Pov OLINJ[Ns JO OLIOTYOOIpAY W [OO'O JSULVIV OUOP SBA SBAIZBALIOP S71 [[B puv UIsdAIy jo sisA[eIp ‘stsh[oOpNe [1848 
-a10J OJ, ‘sisXyerp Aq pourezsoose sv ‘queseid ulezo1d ay} Jo SUI} UT possoidxo SBA UISdAIY poylia}sa Jo yao}u0d [AxOYyoUT OWT, § 
*(T) poystqnd A[snorAoid ony[Va oy} JO pveysul ‘4901100 Ajay BWIxO1dde SB pepIBvsZeI MOU SI 
puv A10}v10qGe'T SIG} JO SLMO'T 'D “f “1q Jo SAusse [BosofoIqosoIM Areurutpoid Aq pozioddns st poyjyou svwoyy, oy} Aq pourezqgo onyea 
eyy, “}u9}U0D 93yRIpPAYOqIe. YZIy $}1 07 oONp oq AvUI puB UTezZOId SI} 07 IBI[NIed SI ‘poyjeU sBWIOYT, ay} puv UT[OY 24} Aq pouTULIE, 
-op sv ‘ploonuloao Jo soyesAjompAY OUITBY[e puw plow YAO Jo JUd}UOD OUISOIA, JUDIVddE 94} Ul sDUdIOYIpP 4¥eI3 BY, *({1) PelmNs90 
sey sny} Zui ouezueq oy} Jo uOT}BUOJ[NS oUIOg *pazAOIpAY A[IBIIUWIS ploonuIOAO pa}BeIjUN Ul SyuaTBAinba FZ pusB g']T OF porsdulos 
se ‘ainpodoid uljog pues sewoyy, oy} Aq punoj 10M OUISOIA} Jo SJUOTVAINbea 6 | pus QT (SINOY ST) [OH N 9 YAIM SisAfoupAy Jazzy ft 
*QINJSIOUL 1OJ POJIIIIOD JOU BIOM SON|[VA OYJ, *“PIA[OAUT V8Bd 9} 
uo Zurpuodap ‘sisAjorpAy 104jJ8 10 d10Joq J9Y}10 epew SesATeuB Aq PoTBIAdI SB SUIOZOId OY} UI SONpPIsal plow OUIWIY BY} JO} puBys poursU 
Splov OUIWIB SNOLIBA 9Y} ‘poyjou uT[Og oyy Aq pourwuejop ‘auIso1Ay sv ‘jousyd qyuoredde 10j; spuvys ,,ul[og,, ‘eq sty uy } 
*poyroods ostmi90y}0 ssayun ‘(,¢7-Zz) 91nj}e19duI9} WOOI 4B poulIOjIed 
019M SJUDWITIOdXO [TY ‘Uleyoid jo ‘wZ ,OT 10d syuereAmbe jo suisse} ul posseidxo 018 ‘UdAIZ Udy ‘pasn JUdT¥aI JO SJUNOUTB OUT, » 





90 [Apruens ‘)o7 eprmy 
oz uvyd 
-07d Ar} Sg] [Ajo0R STE (pezAjorpAy) ourso14y fgg (pazAforpAy) ulpoy 


Z'8 OSB ‘T'g plow ‘GZ (@YAIG UBA) OUTWY uisdAi} pozwoizuy) 


6 978J[NS ‘ult CT ‘“.81— “OSH ‘uorzyey[Ng 
i are ‘siy F ‘¢’'9 Hd ‘T squayeammbo g ‘uolteulpor usy} ‘UOlyB[AJooy 
fo "SIN FEO 5», 5 ” 9 ” 
0% uBydoydéyy 90% 4, Shep ZC 4, 55 ” ¢ ” 
(pezAjoipAy) ouriso14y f¢e°G¢ (pazAjoipAY) urljpo.y f¢°Q eUIpOT ‘suy 9 ‘¢ Yd ‘] syuayeamnba ¢°[ ‘uolneuIpoy 
| “uTUL OF 
s6 .» | OZ Hd ‘prov o1uojjnsouozueqozeip syueyeambe Qf ‘Zurydnog 
| “UTUI Og 








panu1juoo—uisd Ai J, 








ulajo1d ‘wi yo] Jed 
s}uayeamba {‘s[o1}U0D pue SaAtjeAlsap UT SdnoIZ [eoTWAaYD sNolIeA Jo syuNoWYy eSdANCALop azedaad 0} posn Suop|pUCd pus UORITIY 








papnpuoj—] alavy, : 











——— 


Bua auvyeyvr 


































FRAENKEL-CONRAT, BEAN, AND LINEWEAVER 391 


90 per cent acetone-0.01 N hydrochloric acid. They were found to contain 
0.3 to 0.7 —SH groups, per 10 gm. of protein, which were very rapidly 
autoxidized in aqueous solution. 

Reoxidation of the ovomucoid was achieved by aeration of solutions to 
which a small crystal of copper sulfate had been added, until the nitro- 
prusside test was negative. 

Miscellaneous Reactions—Partial deamination was obtained by treating 
5 per cent solutions of ovomucoid or trypsin in 0.75 M acetate buffer, pH 
4.2, with mM sodium nitrite at room temperature for 15 minutes (10). The 
reaction was stopped by the addition of much alanine. A similar exper- 
iment performed at 0° for 30 minutes achieved less deamination, but prob- 
ably caused less reaction of the phenolic residues than the experiment per- 
formed at room temperature. 

Reactions with glucose were induced by holding solutions containing 
8 per cent ovomucoid, or its acetyl derivative, 30 per cent glucose, and 0.5 
M phosphate buffer, pH 7.6, at 53° for 3 or 14 days. 

Sulfation of the aliphatic hydroxyl groups with concentrated sulfuric 
acid was performed at —18° according to Reitz et al. (11), phosphorylation 
with phosphorus pentoxide according to Ferrel et al. (12). 

The ovomucoid derivatives, unless otherwise stated, were isolated by 
thorough dialysis (2 to 3 days against running tap water at room tempera- 
ture and 3 days against distilled water at 3-5°), followed by lyophilization. 

The trypsin derivatives were dialyzed no more than 4 hours against running 
tap water, then for 8 to 10 days against 0.001 m sulfuric or hydrochloric 
acid at 3°. Any insoluble protein was removed by centrifugation. 


Analytical Methods 


The extent of acetylation was ascertained by amino nitrogen analysis 
(13, 14) and, at times, by approximate determination of the amount of 
acetyl bound. To this end 30 to 50 mg. of protein were hydrolyzed in a 
sealed tube with 1 ml. of 6 N H,SO, at 100°. The hydrolysate was washed 
into a vacuum distillation apparatus and distilled at 50—70° bath tempera- 
ture and 20 mm. pressure with repeated additions of water. The volatile 
acid was titrated in the distillate with 0.02 N sodium hydroxide and phenol- 
phthalein. Blank values for untreated proteins ranged from 1 to 3 equiva- 
lents (per 10‘ gm.) and were not measurably higher if the protein had been 
treated with acetate buffer as a control to the acetylation procedure. 

Methoxy] analyses (15), after humidification (3), served as a measure of 
the extent of esterification with methanol. Acid group analyses (16) 
were used as a measure of the extent of esterification with propylene oxide- 


° A study of the effect of glucose on serum albumin under such conditions is in 
preparation for press (A. Mohammad et al.). 
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treated samples. The introduction of acid groups into the protein, either 
through coupling with p-diazobenzenesulfonic acid or through formaldehyde 
and alanine, was also demonstrated by the dye method (16). The intro- 
duction of acetamide was determined by analyses for amide N (8) and 
that of methylguanidine by the Sakaguchi reaction (17). The addition of 
formaldehyde to the tryptophan residues was shown with the Horn and 
Jones method (18). The Folin phenol reagent was used, at times without 
hydrolysis, and at times after alkaline hydrolysis (5 N sodium hydroxide, 
5 hours at 120°) to ascertain whether the phenolic hydroxyl group was un- 
affected (19). The Thomas method was applied to tyrosine determinations 
in alkaline hydrolysates (20). 

Sulfate was determined according to Mease (11, 21); phosphate according 
to Allen (22). Basie groups were determined by the dye method (16). 
The extent of reduction was ascertained by titration with p-chloromercury 
benzoate (9), with nitroprusside as outside indicator. The reaction pro 
ceeded readily at pH 5. The analytical results obtained with ovomucoid 
and trypsin derivatives are summarized in Table I. 


Assay Methods 


Trypsin activities were determined by the method of Anson (23). How- 
ever, indications were obtained that the standard trypsin-tyrosine curve 
was not a true expression of the activities of all trypsin derivatives at dif- 
ferent dosage levels. Thus the assay results in Table III must be regarded 
as approximations only. 

The activities of trypsin derivatives were also determined by a formol 
titration method with casein after 35 minutes incubation at 37°. Approx- 
imately similar results were obtained by both methods. However, assays 
of increasing amounts of some trypsin derivatives, e.g. acetyltrypsin, gave 
apparently decreasing activities when read off the standard curve prepared 
with crystalline trypsin. The observed deviations (in both assay tech- 
niques) of trypsin derivatives from the standard curves given with crys- 
talline trypsin may indicate some changes in the specificity of the treated 
enzyme. 

Inhibitor activities were determined by mixing aqueous solutions of 
suitable amounts of trypsin and inhibitor and allowing the mixture to stand 
at room temperature and pH 5 + 0.5 for 10 minutes before adding | ml. of 
the mixture to the hemoglobin. The assay was then completed accord- 
ing to Anson. From the trypsin activity results (color values) the inhibi- 
tor activities were obtained by interpolation from a standard curve relating 
color value and mg. of dry egg white (see (1), “Methods” and foot-note to 
Table V; and unpublished work of Lineweaver and Bean). 

Materials—Active ovomucoid was kindly prepared by Mr. C. W. Murray 
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according to a method described recently (1). Crystalline trypsin (salt- 
stabilized) and soy bean inhibitors were kindly supplied by Dr. Moses 
Kunitz of the Rockefeller Institute, and the Lima bean inhibitor by Dr. J. 
D. Greaves, formerly of this Laboratory. Dialysis of the trypsin against 
dilute acid permitted the isolation of the protein, although about 30 per 
cent of the tryptic activity and of the nitrogen was lost thereby. It com- 
prised 30 to 40 per cent of the weight of the original salt-stabilized crystal- 
line preparation and contained 15.0 per cent nitrogen (not corrected for 
moisture). 


DISCUSSION 


Ovomucoid Derivatives (Table 11)—The finding that ovomucoid retains 
almost all its activity after most of its amino groups have been blocked by 
acetyl groups indicates that these amino groups are not involved in the 
inhibiting action of ovomucoid on trypsin. This conclusion is supported 
by the finding that little loss of activity was caused by treatment with 
nitrous acid, or with glucose for 3 days, or by treatment with formaldehyde 
in the presence of compounds, such as acetamide or methylguanidine, which 
prevent the involvement of the amide or guanidyl groups of the protein in 
the reaction (8). 

Ksterification with methanol causes inactivation which suggests that the 
carboxyl groups are essential, although the possibility of denaturation by 
the acid aleohol can never be completely excluded. The alkali lability of 
ovomucoid (1) precludes attempts to reverse the esterification by alkaline 
hydrolysis. The inactivation produced by propylene oxide in dilute acetic 
acid solution is also indicative of the essentiality of carboxyl groups. 

Inactivation of ovomucoid by brief treatment with formaldehyde at 
pH 12 (88 per cent, as compared to the control exposed to the same pH, 
which in turn had lost 77 per cent of the original activity) indicates the 
essentiality of amide or guanidyl groups, both of which react rapidly with 
formaldehyde at pH 12. This conclusion is strikingly borne out by the 
marked inactivation caused by formaldehyde at pH 3.3 to 5.0 in the pres- 
ence of alanine, conditions which also promote reaction with amide and 
guanidyl groups. Formaldehyde alone at pH 2.5 to 7.6 causes only partial 
inactivation by cross-linking no more of the essential amide or guanidyl 
groups than the number of amino groups of the protein permits. The 
slow inactivation produced by glucose is probably due to its reaction with 
most of the guanidyl groups. These groups thus appear to be essential. 
No reagent has been used that reacts with the amide group but not the 
guanidyl group; hence conclusive evidence is lacking for the essentiality of 
the amide groups for inhibitory activity. 

The fact that a small amount of diazobenzenesulfonic acid causes only 
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TABLE II 


OF OVOMUCOID AND TRYPSIN 


Effect of Chemical Modification on Trypsin-Inhibiting Activity of Ovomucoid 





Nature of reaction 





Acetylation, 0° 
95 0-20° 
Esterification 
Methanol-HCl, —5°, 24 hrs. 
«“ 23°, 1 hr. 
re 23°, 24 hrs. 
Propylene oxide in 1% HOAc 


Formaldehyde,{ pH 12, 10 min. 


- “ 76, 1 hr. 
as ‘* 7.6, 24 hrs. 
ks ‘« 5, 4 days 
o ‘¢ 3, 2 days 
" ‘* 2.5, 1 day 


pH 5, 4 days|| 
‘« 3,2 days 
“ 96,1 day 


Formaldehyde + added methyl] guani- 


dine sulfate 
pH 5, 4 days 
“23.9 ™ 
‘* 2.7, 1 day 
Formaldehyde + added alanine 
pH 5, 4 days|| 
‘¢ 3.7, 2 days 
“* 3.3, 1 day 
Iodination, pH 5, 30 hrs. 


Nitrite, pH 4.2, 30 min. 
Glucose, pH 7.6, 3 days 


« «76, 14 days 


Sulfation, concentrated H.SO,, —18°, 


20 min. 


+ added acetamide 


Reactive groups 


| 
} 
| 
| 
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| 
| Carboxyl | 





Mainly 
carboxyl 

Amide, 
guanidy!] 
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guanidy] 
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guanidy] | 
Hydroxyl 


equivalents 
per 104 gm.* 
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10 


~I 


4.3 
4.3 
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TaBLeE II—Concluded 





Reactive groups 








Nature of reaction : a a ee 
Type sam ny of reaction | 
ites | ee eee 
Phosphorylation, P2Os in HsPQ,, 3 | Hydroxyl | (25) 18 10 
days 
Coupling, pH 7.6,30 min. (p-diazoben- | 
zenesulfonic acid) 
2.6 equivalents Imidazole | 1.4** 1 | «54 
13 equivalents - | 1.4 | 3 7 
| Phenol | ee 
Reduction, pH 5 (mercaptoethanol) | 
30 min. | Disulfide 2:7 0.05 91 
180 ‘ 0.5 75 
24 hrs. 1.0 43 
Reoxidized (aeration) 0.0  § | 
ef se 0.0 59 





* From data of Table I, unless otherwise stated. The uncertain figures are in- 
dicated by parentheses. The values were not corrected for moisture. 

+ As compared to control solutions exposed to similar conditions of pH and 
temperature. 

t The extent of reaction is estimated from amounts of formadehyde bound. 
For other criteria (e.g. introduction of amides, etc.) see Table I. 

§ The plus sign indicates that the reaction is a cross-linking of the protein groups 
mentioned. 

|| When acetyl ovomucoid was treated with formaldehyde at pH 5, in the presence 
or absence of alanine, the inhibiting activity was 0 and 39 per cent, respectively. 
Addition of acetamide to ovomucoid-alanine-formaldehyde reaction mixtures after 
2 days caused no reactivation; with an inverse order of addition (acetamide and, after 
2 days, alanine) 27 per cent of the original activity was recovered. 

{ When acetyl ovomucoid was treated in the same manner, about 13 per cent of 
the activity of the control solution was recovered. 


** Preliminary as yet unpublished microbiological data of Dr. J. C. Lewis of this 
Laboratory. 


slight inactivation suggests that the imidazole groups are not essential; on 
the other hand, the marked inactivation produced with more extensive 
“coupling” and particularly the partial inactivation produced by very in- 
complete iodination suggest that most of the phenolic groups must be free 
for ovomucoid to exhibit its inhibiting action. 

The sulfation and phosphorylation experiments indicate that transfor- 
mation of the aliphatic hydroxyl to acid sulfate (—O—SO;-) or phosphate 
ester groups causes extensive inactivation. This may be due to the block- 
ing of the original hydroxy] groups or to the increase in net charge due to 
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the introduction of numerous strongly acid groups. However, the possi- 
bility that inactivation is due to denaturation cannot be excluded. Con- 
trol samples exposed to 85 per cent sulfuric or phosphoric acid showed par- 
tial inactivation. 

Reduction of disulfide bonds at pH 5 for various time periods causes pro- 
gressive inactivation. Attempts to regenerate activity by reoxidation were 
unsuccessful. 

Trypsin Derivatives (Table I[I)—Acetyl trypsin proved to be of similar 
enzymatic activity as control solutions exposed to the same sodium acetate 
buffer and dialyzed in the same manner. Thus many amino groups of tryp- 
sin appear to be non-essential for enzymatic activity. This conclusion is 
supported by the finding that formaldehyde in the presence of acetamide 
at pH 6 causes little inactivation. The deamination experiment at 0° 
also indicates that at least some of the amino groups are not essential for 
tryptic activity. The finding that nitrous acid at room temperature causes 
marked inactivation suggests that the phenolic groups are essential, but 
the participation of the indole rings in the reaction with nitrous acid has 
not been excluded. Iodination of the phenolic groups that will react at 
pH 5 in the native protein caused little inactivation, but when the reaction 
was performed in phosphate buffer at pH 6.3 or at pH 5 in the presence of 
5 M urea, the iodine was used up much more rapidly and appreciable in- 
activation resulted. Bowman (24) had previously studied the effect of 
iodination on both the proteolytic and hypotensive activities of trypsin 
and found the enzymatic activity to be largely unimpaired, while most of 
the hypotensive effect upon intravenous injection had been abolished.° 

The inactivation produced by formaldehyde at pH 3, regardless of the 
presence of nitrogenous compounds, is indicative of the essentiality of the 
indole groups which were found to have an altered and lessened chromogenic 
activity in such derivatives. At pH 5 to 6, however, much more activity 
was lost during formaldehyde treatment in the presence of alanine than in 
the presence of acetamide, while the indole groups appeared largely un- 
changed; these findings suggested that the amide or guanidyl groups were 
also essential, while the amino groups were not. This latter fact confirms 
the results of the acetylation experiments described previously. Attempts 
to regenerate activity from the alanine-formaldehyde derivative by at- 
tempting a reversal of the reaction by exposing the product to dimedon in 
dilute acid were not clearly successful. The activities were unchanged, 
while control solutions lost 56 and 33 per cent of their activity when the 
dimedon treatment was performed at pH 4.6 or pH 2, respectively. 


¢ Bowman recently found both the proteolytic and the hypotensive activities of 
trypsin to be lowered by acetylation with ketene. This effect was in part reversible 
by treatment with alkali and therefore probably due to acetylation of phenolic groups 
(25). 
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Esterification of part of the carboxyl groups of trypsin results in no in- 
activation. But after a 24 hour reaction period, much more methoxy] is 
introduced and most of the activity destroyed. The marked inactivation 
produced by propylene oxide is not understood on the basis of its known 
reactivity. Sulfation of the aliphatic hydroxyl groups causes inactivation. 
The retention of most of the tryptic activity after coupling of the protein 
with 1 equivalent of diazobenzenesulfonic acid suggests that the imidazole 
groups are not essential, since these generally appear to react more readily 
than do the phenolic groups (2). The greater amount of the reagent used in 
the second experiment (4 equivalents) must have combined with some 
phenolic groups, thus supporting the results of the iodination experiments 
concerning the non-essentiality of the most reactive phenolic groups. 

The finding that acetylation causes no inactivation of trypsin is similar 
to Herriott and Northrop’s finding that the amino groups of pepsin are 
not essential for its enzymatic activity (26, 19). With trypsin, however, 
this is much more surprising, in view of the greater number of amino 
groups present in trypsin (about eight per 10‘ gm.) than in pepsin (about one 
per 10‘ gm.). Acetyl trypsin appears to differ from the original enzyme in 
showing greater resistance to autolysis at neutrality. Thus, after exposure 
to 0.5 M phosphate buffer, pH 7.6, for 20 hours at 23°, acetyltrypsin showed 
41 per cent and trypsin 11 per cent of the original activity. Acetyltrypsin 
is partly (about 20 per cent of the protein) insoluble in 0.001 m sulfuric 
acid, and more insoluble material separates from the opalescent solutions 
during storage at 3°. Lyophilization renders the derived protein more 
insoluble. Because of the protection against autolysis afforded by acetyla- 
tion, the yield of soluble acetyl trypsin after isolation by dialysis is actually 
slightly greater (40 per cent) than the amount of unmodified trypsin that 
is recovered after dialysis. It is of interest to note that recent, as yet un- 
published, experiments of Dr. A. K. Balls and coworkers have shown acetyl 
trypsin to retain the esterase activity (27) of the original protein. 

The high enzymatic activity of the reduced as well as of the reoxidized 
protein appears surprising, particularly in view of the finding of Grob 
(28) and Peters and Wakelin (29) that tryptic activity was lowered by re- 
ducing agents.? Reduction in our experiments was effected at pH 5, 
whereas the other authors used a slightly alkaline pH. When two prepa- 
rations reduced to approximately the same extent at both pH values were 


' compared, the one prepared at pH 5 appeared more active than the one 


prepared at pH 7.6, although the instability of trypsin at pH 7.6 and the 
apparently changed specificities of the reduced enzyme (see ‘‘Assay meth- 
ods’’) invalidated exact quantitative interpretation of the data. The re- 


7 Because of the possible interference of the reduced protein in the hemoglobin 
test, the assay was repeated with casein and formol titration. The reduced protein 
was found similarly active by both methods. 
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duced, in contrast to the acetylated, protein appeared to be more suscep- 
tible to autolysis than the original enzyme, even at pH 5, as indicated by 
the appearance of non-protein N during the reaction at both pH values. 
An interesting fact emerged when the susceptibility of trypsin derivatives 
to inhibition by ovomucoid and its derivatives was studied (Table IV). 
Acetyl trypsin was found to resist inhibition by both ovomucoid and its 
acetyl derivative under the usual test conditions. Thus one property of the 
protein (enzymatic activity) was resistant to, while another (specific com- 
bination with ovomucoid) had been greatly altered or abolished by acetyla- 
tion. It would thus appear that the amino groups of trypsin are not in- 
volved in enzyme-substrate combination but are necessary for enzyme- 


TaBLe IV 
Antitryplic Activity of Ovomucoid and Its Derivatives against Trypsin Derivatives 


Inhibitor 
activity com 


. 2 ae ae Apparent yared with 
Enzyme (trypsin derivatives) Inhibitor inhibitor ve stivit 
activity corde # 
| against orig- 
| inal trypsin 
ee | 
| “eo per | per cent 
Acetyltrypsin Ovomucoid 1.3, 0.6 is. 7 
“ Acetyl ovomucoid | 0.4, 0.2 5, 4 
Trypsin ester (low CH;0O) Ovomucoid | 7.0 79 
“ <4 Acetyl ovomucoid | 7.0 86 
sy ‘* (medium CH;0) Ovomucoid 6.0 66 
s ts Acetyl ovomucoid | 3.0 38 
Reduced trypsin Ovomucoid —~6.4 79 


* The standard curve for untreated trypsin and egg white was used to obtain 
these units. Since the curve for treated trypsin or treated ovomucoid might differ 
somewhat from the curve for untreated material, the units are designated ‘‘ap- 
parent.” 


inhibitor combination. Because of this, it was of special interest to find 
kinetic evidence that the inhibition was non-competitive with the substrate. 
The data in Table V show that the degree of inhibition is independent of the 
substrate concentration within experimental error. Furthermore, the 
trypsin activity values calculated for non-competitive inhibition agree with 
the observed values within experimental error (Table V). The complete 
failure of the competitive inhibition theory to represent the trypsin-ovomu- 
coid system is illustrated in Table V by the trypsin activity values calcu- 
lated from the competitive inhibition Equation 6B, of Goldstein (30). 
The results of the present study in regard to the essentiality of the various 
types of protein groups are summarized in an oversimplified manner in 
Table VI. It was hoped that the chemical approach used in this investi- 
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TABLE V 
Kinetic Evidence for Non-Competitive Nature of Inhibition 


Observed activities Calculated activities (E = 142 & 107° m in all cases) 


Competitive inhibitiont 


Inhibitor Sub 
“aa” cuumiuiaaaiaen ot cent Non-competitive® Ky = 20 X 10°° Ky =60 x 10°° 
Substrate concentrations, per cent 
0.5 5 Ky = 20 X 10-9 0.5 1.5 0.5 1.5 
mM X 10° 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
86 0.57 0.56 0.50 0.19 0.37 0.23 0.40 
172 0.25 0.24 0.24 0.10 0.22 0.16 0.34 


* Non-competitive inhibition values were calculated by application of Equation 
3B of Goldstein (30). The value of Ky, 20 X 10° mole per liter, is for practical pur- 
poses the same as the previously reported value, 17 X 10~° mole per liter, (1). The 
value of total enzyme, F, has not been varied arbitrarily to obtain a fit, but is the 
value obtained from the trypsin activity (units) present in 6 ml. of reaction mix- 
ture, which was converted to moles per liter by the use of the values, 34,000 for the 
molecular weight of trypsin (31) and 0.0255 for the ratio of trypsin units to mg. of 
trypsin (32). 

+t Competitive inhibition values were calculated from Equation 6B, of Goldstein 
(30). This equation applies to cases in which free enzyme and combined enzyme are 
of the same order of magnitude and in which the total enzyme concentration is much 
less than the total substrate concentration, which is the case. The enzyme-sub- 
strate dissociation constant, A,, was determined and found to be approximately 1 
percent. This constant is used in the calculations of competitive inhibition values 
but, of course, is not a part of the equation representing non-competitive inhibition. 
The values of Ky, 20 X 10° and 60 X 10, are expressed in moles per liter. 


TaBLe VI 
Essentiality of Reactive Groups of Trypsin and Ovomucoid for Biological Activity 


Trypsin Ovomucoid 
Groups oa | 

Enzymatic action Inhibitability | Trypsin inhibiting action 
Amino Not essential | Essential | Not essential 
Carboxy] Partly essential* | Partly essential Essential 
Phenol : y " 
Disulfide Not essential* Not essential Partly essential 
Amide or guanidy] Essential Essential 
Indole | Absent 
Imidazole | Probably not es- Probably not es- 

sential sential 
Aliphatic hydroxy] Probably essential Probably essential 
Sulfhydryl Absent Absent 


* The more readily reacting groups were not essential. 
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gation might reveal a common mechanism for the interaction of trypsin 
and the various trypsin inhibitors that have been described, even though 
these substances differ markedly in their physicochemical properties and 
in their specificities. However, a few preliminary experiments with the 
inhibitors from soy (33) and Lima beans indicated that different protein 
groups may be essential for the activity of various inhibitors. 

The methoxyl analyses were kindly performed by Miss Rosie Jang, 
guanidyl group analyses by Dr. J. Pence, most of the other analytical work 
by Mr. E. D. Ducay. The sulfation and phosphorylation reactions were 
performed by Mr. R. E. Ferrel. The helpful suggestions and criticisms 
of Dr. H.S. Olcott are gratefully acknowledged. 


SUMMARY 


1. The trypsin-inhibiting action of ovomucoid is not impaired by various 
reagents affecting its amino groups, but the intactness of carboxyl, phenolic, 
guanidyl, and possibly aliphatic hydroxyl and amide groups appears, in 
varying degree, to be essential for trypsin-inhibiting action. The imidazole 
groups seem not to be essential. Sulfhydryl and indole groups do not 
occur in the inhibitor molecule. Reduction of its disulfide bonds causes 
progressive inactivation. 

2. The enzymatic activity of crystalline trypsin was not abolished by 
extensive acetylation of its amino groups, by iodination of its most reactive 
phenolic groups, or by esterification of its most reactive carboxyl groups. 
Neither reduction of disulfide bonds (at pH 5), reoxidation, nor coupling 
with imidazole groups caused appreciable loss of activity. Groups which 
seemed essential were indole and amide, and possibly hydroxyl and guanidy] 
groups. While acetylation of trypsin did not affect its proteolytic activ- 
ity, the acetylated derivative was almost completely resistant to inhibition 
by ovomucoid. It appears that the amino groups of trypsin are essential 
for combination with ovomucoid, but not with the substrate. As pre- 
dicted from these results, kinetic experiments showed that inhibition of 
trypsin by ovomucoid was non-competitive with the substrate. 
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While the early workers in this field, such as Miescher and Hoppe-Seyler, 
appear to have conjectured the macromolecular and complex character of 
the nucleic acids that they were the first to isolate, this view soon was 
abandoned in favor of the chemically more attractive tetranucleotide hy- 
pothesis, and those students of nucleic acid chemistry (e.g. (1, 2)) who 
still felt that much remained to be discovered worked against the current 
of their time. In the more recent past, the development of methods for 
the study and the characterization of high polymers has brought about a 
revival of interest in the chemistry of macro molecules occurring in nature. 
As regards the desoxyribonucleic acid of calf thymus, the high molecular 
character of this extremely asymmetric compound has been demonstrated 
repeatedly (3-6). That this nucleic acid was considered as the prototype 
of all desoxypentose nucleic acids is understandable, since it is the only 
compound of its kind readily available for a detailed chemical investigation, 
but the implicit assumption on the part of many workers that desoxy- 
pentose nucleic acid is a single chemical individual, regardless of the source 
from which it is obtained, is incorrect. A comparison of the results con- 
tained in the present communication with those submitted in an accom- 
panying paper (7) will be of interest in this connection. A recent study 
from this laboratory (8), as well as a review article (9), has provided a 
fuller discussion of the pertinent literature. The problem of nucleic acid 
specificity also has been considered repeatedly (10, 11). 

The great part in the activities of the living cell, ascribed at present to 
the desoxypentose nucleic acids, makes it imperative to perfect a foun- 
dation that will make possible the direct consideration of problems of 
structure, composition, and specificity. Whatever chemical changes are 
produced in nucleic acids in the course of cellular development or by radi- 
ations or mutagens, such as the compounds of the mustard series, will 
hardly be of the kind that can be revealed by the mere inspection of optical 
or other physical characteristics. 


* This work has been supported by a research grant from the United States Public 


Health Service. 
t Swiss-American Student Exchange Fellow. 
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A chemical comparison with respect to identity of the extremely com- 
plex compounds of cellular origin, such as nucleic acids, proteins, or poly- 
saccharides, must be based on the nature and the proportions of their con- 
stituents, on the sequence in which these constituents are arranged in the 
molecule, and on the type of linkages which hold them together. Evi- 
dently, a decision will be much easier if, as in the proteins, the number of 
different constituents is very large, quite apart from the important aid 
rendered by immunochemical procedures. In the case of the nucleic acids, 
the relatively small number of different components made very attractive 
the postulation of identity and regularity which, however, has never been 
demonstrated adequately. It will be understood that analytical deviations 
from strictly integral, simple proportions, admissible for substances of com- 
paratively small size, become very significant when applying to compounds 
whose molecular weights range in the millions. 

The present study attempts to provide a survey of the distribution of the 
purines and pyrimidines in hydrolysates of the desoxypentose nucleic acids 
derived from calf thymus and beef spleen. It is based on the same micro- 
procedures for the separation and estimation of the nitrogenous constitu- 
ents of nucleic acids (12) that already have served for the investigation of 
the composition of pentose nucleic acids (8). The paper last mentioned 
also included a consideration of the hydrolysis methods employed and a 
critical discussion of the validity of the experimental results. These 
points, therefore, need not be reviewed here again. ‘ 

A synopsis of the results with several nucleic acid preparations is later 
provided in Table V, which lists the molar proportions in which the four 
nitrogenous constituents were found. In contrast to the pentose nucleic 
acids (8), cytosine was the base present in the lowest concentration. Al- 
though, in respect to composition, the agreement between nucleic acids of 
thymus and of spleen is surprisingly good, no claim as to identity should 
be made. It will be seen that the distribution of purines and pyrimidines 
was far from that required by a tetranucleotide: for 10 molecules of cy- 
tosine, there were found about 16 molecules of adenine, 13 of guanine, 15 
(or 13) of thymine. 

The correlation of the results submitted here with previous findings in 
the literature is difficult for a number of reasons. Almost all preparations 
of desoxypentose nucleic acid that were made the object of detailed ana- 
lytical studies had been isolated with the use of strong alkali and were 
probably degraded to some extent. Moreover, since “animal nucleic acids”’ 
were regarded as of one kind only, the older workers paid no attention to 
the possible contamination of their material with pentose nucleic acids, 
and this may, in preparations derived from sources other than thymus and 
fish sperm, have contributed to serious errors. For the same reason, prepa- 
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rations of different, and often unstated, origin were frequently analyzed 
indiscriminately. Two studies are usually adduced in support of the equi- 
molar distribution of the four nitrogenous constituents. Steudel in 1906 
(13) reported on the composition of the nucleic acids of thymus and of 
herring sperm. His percentage figures, though interpreted by him as evi- 
dence for the tetranucleotide structure, actually trend toward the values 
arrived at in the present study; they correspond to the following mole 
proportions: adenine 2.0, guanine 1.5, cytosine 1.0, thymine 1.7. Levene 
and Mandel (14), however, reported figures for a nucleic acid from an un- 
named source, probably from spleen (15), that seemed to uphold the tetra- 
nucleotide hypothesis. 

The composition of a highly polymerized preparation of thymus desoxy- 
ribonucleic acid appears to have been considered in one instance only, and 
this by a quite indirect method. Gulland et al. (16) interpreted the results 
of electrometric titrations (17) in conjunction with the determination of the 
ratio of purine nitrogen to non-purine nitrogen in the hydrolysate (1.6) as 
signifying that their product contained, for every 4 gm.-atoms of phos- 
phorus, 1.0 mole each of thymine and of guanine, 1.2 moles of cytosine, and 
0.8 mole of adenine. These deductions, which are based on a comparison 
of the titration curves of the nucleic acid itself and of the so called thymic 
acid to which it gives rise by acid degradation, are not in accord with the 
findings presented here. But it should be pointed out that the actual 
results of the titration of Gulland’s nucleic acid corresponded to three dis- 
sociations attributable to the amino group and to two dissociations of the 
purine-pyrimidine hydroxyl per 4 P atoms (17, 18), which is in excellent 
agreement with the molar proportions calculated for Preparation 3 in Table 
V (3.9 amino groups for 2.6 purine-pyrimidine hydroxyls) and in satis- 
factory agreement with the other preparations. 

The present study concludes with an attempt to characterize the sugar 
component of the desoxypentose nucleic acid of spleen, hitherto uniden- 
tified, by comparing its partition behavior with that of desoxyribose from 
thymus nucleic acid. The techniques employed have been discussed in a 
previous paper (8), but because of the instability of the desoxy sugars the 
hydrolysis was carried out in a different manner. The nucleic acids were 
in part degraded enzymatically to the nucleoside stage and the sugars lib- 
erated bya short treatment with very dilute acid. The two carbohydrates 
agreed completely in their partition behavior in three different solvents. 
It may be tentatively concluded that the desoxypentose nucleic acid of 
spleen contains 2-desoxyribose. 

In conclusion, a few words should be said about a matter of more general 
concern. ‘To what extent constancy of composition applies to macro mole- 
cules of biological origin is unknown and can, perhaps, not even be ascer- 
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tained by existing methods. It is not impossible that many ostensibly 
homogeneous preparations of cellular origin actually are mixtures of closely 
related chemical individuals, representative of different positions within the 
cell. This may be particularly true of the desoxypentose nucleic acids 
derived from the cell nucleus, if current conceptions of the specific structure 
of chromosomes and genes are taken into account. Since, in that case, 
the constant composition of the nucleic acids of the same cell type is merely 
a statistical expression of the unchanged state of the cell, it becomes a 
matter of real interest to compare the distribution of constituents in desoxy- 
pentose nucleic acids derived from different deficient mutants of the same 
species. 


EXPERIMENTAL 
Material 


Desoxyribonucleic Acid of Calf Thymus—Three highly polymerized prepa- 
rations were used. The figures for their N and P contents, and the other 
data which are given in Table I, refer to the dry substances. Preparation 1 
was isolated as the sodium salt from thymus by a method which followed, 
with a few modifications, that of Hammarsten (1).! 

Preparation 2 was a potassium salt derived from the sodium salt, Prepa- 
ration 1, by a purification method that made use of the well known pre- 
cipitating action of lanthanum salts (1, 19). One experiment only will be 
described. The lanthanum salt, produced by the addition of 6 cc. of 2 
per cent aqueous lanthanum acetate to a solution of 200.8 mg. of the so- 
dium nucleate in 400 cc. of saline, was collected by centrifugation in the 
cold and washed twice with 0.2 per cent lanthanum acetate. It was then 
suspended in 50 cc. of M potassium chloride containing 5 per cent potassium 
oxalate (pH 7.2), and the mixture was shaken mechanically for 43 hours. 
The bulky conglomerate of fibers, produced by the addition of 150 cc. of 
absolute alcohol to the viscous milk, was filtered off without delay, washed 
with 66 per cent and with absolute alcohol, and taken up in 40 cc. of water. 
The very turbid solution was freed of lanthanum oxalate by centrifugation 
for 1 hour at 1900 g, and the supernatant was dialyzed, filtered through 
infusorial earth, and again dialyzed for 10 days against many changes of 
ice-cold distilled water. After one more centrifugation the solution was 
frozen and evaporated in a vacuum. The potassium desoxyribonucleate 
(Preparation 2, Table I) weighed 166.1 mg. (83 per cent of the starting 
material) and formed a white fiber felt which gave a clear, very viscous 
solution in water. This potassium nucleate served as the standard in the 
determinations (20) of the desoxypentose contents of the other preparations 
which, in terms of this one, varied from 95 to 102 per cent. 


1 This preparation was made in collaboration with Dr. A. Bendich. 
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Preparation 3 was isolated by a procedure somewhat similar to that of 
Gulland et al. (16). 

Desoxypentose Nucleic Acid of Beef Spleen—1800 gm. of cleaned, fresh 
beef spleen were ground mechanically and washed by suspension in several 
2 liter portions of ice-cold physiological saline. The tissue material was 
removed by pressing through four layers of cheese-cloth, suspended in 1500 
ec. of cold mM sodium chloride solution (21), and kept overnight in the re- 
frigerator. The insoluble residue was again extracted at 4°, this time with 
10 per cent NaCl solution. The combined extracts were centrifuged at 
1900g for 1 hour and 1.5 volumes of 95 per cent ethanol were added to the 
supernatant. The sediment, obtained by the centrifugation of the chilled 


TaBLe | 
Desoxrypentose Nucleic Acids 








| Ultraviolet absorption _| Specific viscosity (nsp.)t 
poo al | ‘ | - . soveaie| ; 
ra ton | Source | | 2 | | 0.2 t q 
No.* | | rato | Maximum Minimum few?» a —— 
| | | | solution|solution|solution 
| oe, | 90.) | mm | iP) | mw | ey 
1 | Calf thymus | 13.4] 8.0} 3.7 | 117 | 5.2] 1.8 
a } Se 13.7) 8.0 | 3.8 | 259 , 6400 232 2700 23 3.8 1.5 
i, S, * 13.5] 7.6 | 3.9 ured 12 | 4.2] 2.4 
+ Beef spleen 14.7| 8.8 | 3.7 | 259 | 6500 231 | 2900, 3.3 | 1.5 | 0.7 
5 = ne 14.1] 8.6 | 3.6 | 




















* Preparations§1, 3, 4, and 5 were sodium salts, Preparation 2 the potassium 
salt. N was determined by the Dumas method, P by the gravimetric Pregl-Lieb 
procedure. 


t Ostwald-Fenske viscosimeter; distilled water, 30.3°. 


mixture, was taken up in 800 cc. of cold 10 per cent NaCl, the solution was 
clarified at 19009, and the nucleoprotein precipitated by the addition of 1.5 
volumes of ethyl alcohol. The stringy precipitate was spooled on a glass 
hook and thereby separated from the granular material, which was dis- 
carded. It then was suspended in physiological saline and deproteinized 
(22) in the usual manner by nine treatments with chloroform-octanol (8:1). 
The threads, precipitated by the addition of 2 parts of ethanol, were lifted 
and the simultaneously produced granular sediment reworked and con- 
verted largely to threads by four precipitations from saline with alcohol 
(cf. (23)). The viscous saline solution of the combined threads was diluted 
sufficiently to permit clarification by centrifuging, and the nucleic acid 
again precipitated with alcohol. Its saline solution was then dialyzed 
against running tap water for 60 hours, against ice-cold distilled water for 


* We are indebted to Dr. S. Zamenhof for help with this preparation. 
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24 hours, and evaporated in the frozen state in a vacuum, when the sodium 
desoxypentose nucleate was obtained as a white fluff weighing 1.13 gm. (Prep- 
aration 4, Table I). 

Another sodium desoxypentose nucleate preparation from beef spleen 
is listed as Preparation 5 in Table I. This fraction was prepared by a 
combination of the procedures described previously (1, 16, 21). 

Physical Properties—All nucleic acid preparations formed white fluffs or 
fibers and yielded viscous solutions in water. Preparations 2, 3, and 4 
(Table 1) were free from pentose and protein; Preparations 1 and 5 con- 
tained traces of the latter. They showed the characteristic absorption 


spectrum in the ultraviolet with the maxima and minima listed in Table I ' 


(distilled water as the solvent). The reasons for the use of the expression 
e(P), z.e. the atomic extinction coefficient with respect to phosphorus, have 
been explained previously (23). Viscosity data for some of the preparations 
likewise are given in Table I. It will be seen that solutions stronger than 
0.1 per cent exhibited anomalously high viscosities. The preparations from 
spleen gave solutions that were less viscous than those of the products 
from thymus. 


Composition of Desoxypentose Nucleic Acids 


Methods—The procedures for the liberation, separation, and estimation 
of the purines and pyrimidines, described in detail with respect to ribo- 
nucleic acids in a recent publication (8), were followed exactly. 

Purines and Pyrimidines—The purines found in the hydrolysates were 
adenine (absorption maximum at 262.5 mu) and guanine (249 my); the 
pyrimidines were cytosine (267.5 mu) and thymine (264.5 mu). In no 
case was uracil demonstrated on the chromatograms. The values found 
for the purine content are arranged in Table II, those for pyrimidines in 
Table III. 

It was pointed out in a preceding paper (8) that the pyrimidine figures 
that served for the calculation of proportions and composition carried an 
upward correction of 5 per cent. This was done in order to take into ac- 
count the retention of a small quantity of pyrimidine compounds in the 
purine hydrochloride precipitate that was produced by the treatment of 
the nucleic acid with methanolic HCl, preliminary to the liberation of the 
pyrimidines by means of concentrated formic acid. The reasons for this 
procedure have been given (8). With the ribonucleic acids, the extent of 
the loss in pyrimidines thus incurred could not be estimated easily, since 
some adenine, carried over into the pyrimidine fraction by the thorough 
washing of the purine hydrochlorides, would have contaminated the uracil 
fraction (12). With desoxypentose nucleic acids, however, such estima- 
tions could be performed, as adenine and thymine are separated without 
difficulty. 
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TaBLe II 
Purine Content of Desoxypentose Nucleic Acids* 
Duration of 
Preparation No.t Experiment No. hydrolysis with Adenine Guanine 
N H2SO4 | 
min. | per cent per cent 
1 1 | 60 10.0 6.4 
2 | 60 10.7 7.4 
2 3 60 9.0 7.9 
4 60 9.2 8.1 
3 5 30 9.4 8.8 
6 60 9.0 7.6 
7 60 9.2 | 8.4 
8 60 9.0 | 
9 120 8.6 7.4 
10 180 8.6 | 7.1 
4 11 60 9.4 8.3 
12 60 8.8 | 8.5 
5 13 60 9.7 | 8.6 

















* Each value represents the average of at least six parallel determinations on the 
same hydrolysate. The solvent system used for the separations was n-butanol- 
diethylene glycol-water (in NH; atmosphere) in Experiments 4, 7, 12, and 13; in all 
others, n-butanol-morpholine-diethylene glycol-water was employed (12). 

+ The preparations are numbered as in Table I. Preparations 1, 2, and 3 were 
derived from calf thymus, Preparations 4 and 5 from beef spleen. 








TABLE III 
Pyrimidine Content of Desoxypentose Nucleic Acids* 
Preparation No.t | Experiment No. Cytosine Thymine 
NE EE, aS percent 

1 1 4.5 8.0 
2 2 4.5 CE | 
3 3t 4.3 6.8 

4 4.7 7.0 
4 5 4.6 8.0 
5 6 5.1 8.1 











* Each value represents the average of at least six parallel determinations on the 
same hydrolysate. n-Butanol-water served as the solvent system. 

+ See Table II for the explanation. 

t This hydrolysate was also examined for uracil, but none was found. The chro- 
matogram segment removed at the location of uracil yielded an extract that ab- 
sorbed no ultraviolet light. 





When parallel pyrimidine determinations were carried out on two sam- 
ples of thymus nucleic acid (Preparation 3, Table I), the values obtained 
by the customary technique (8), which avoided the washing of the purine 
hydrochlorides, were cytosine 4.3, thymine 6.8 per cent (Experiment 3, 
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Table III). In the other experiment, the nucleic acid sample was de- 
graded with the aid of methanolic HCl and the purine hydrochlorides were 
centrifuged and separated from the supernatant in the usual manner, 





TABLE IV 
Desorypentose Nucleic Acids; Proportions and Balances* 
Constitu- | Prepara- Prepara- Prepara- Prepara- Prepara- 
ent tion 1 tion2 | tion 3 tion 4 tion 5 
Content in nucleic acid, | : 10.0 9.2 9.4 9.4 9.7 
% | G. 7.4 8.1 8.8 8.5 8.6 
| C. 4.7 4.7 4.9 4.8 5.3 
ae 8.4 8.1 1.3 8.4 8.5 
Nitrogen in nucleic acid, | A. 5.2 4.8 4.9 4.9 5.0 
% | G. 3.4 3.8 4.1 3.9 4.0 
C. 1.8 1.8 1.9 1.8 2.0 
| i NA 1.9 1.8 1.6 1.9 1.9 
N accounted for as % of | A. 38.7 34.8 36.1 33.1 35.8 
nucleic acid N | G. 25.6 27.4 30.2 26.8 28.3 
| C. 13.3 13.0 13.7 12.4 14.2 
ee | 13.9 13.1 12.0 12.7 13.4 
|N.A. | 91.5 88.3 92.0 85.0 91.7 
Purine N es 
Pyrimidine N 2.3 2.4 2.6 2.4 2.3 
Mole per mole P A. 0.287 0.264 0.284 0.245 0.259 
G. 0.190 0.207 0.237 0.198 0.205 
C. 0.164 0.164 0.180 0.152 0.172 
1: 0.258 0.249 0.236 0.235 0.243 
P accounted for as % of | A. 28.7 26.4 28.4 24.5 25.9 
nucleic acid P G. 19.0 20.7 23.7 | 19.8 20.5 
C. | 16.4 16.4 18.0 15.2 17.2 
Was hs 25.8 24.9 23.6 23.5 24.3 
N.A 89.9 88.4 93.7 83.0 87.9 
Moles per 4 moles P A. 1.15 1.06 1.14 0.98 1.04 
G. 0.76 0.83 0.95 0.79 0.82 
C. 0.66 0.66 0.72 0.61 0.69 
i 1.03 1.00 0.94 0.94 0.97 


* The preparations are numbered as in Table I. The following abbreviations are 
employed in this table: A. = adenine; G. = guanine; C. = cytosine; T. = thymine; 
N. A. = total nucleic acid. 


They were then washed by suspending them in 0.5 cc. of methanol, and 
gaseous HCl was again passed through the mixture for 3 hours. Follow- 
ing centrifugation, the united supernatants were evaporated and the resi- 

? The purine hydrochloride mixture isolated in this experiment was subjected to 


an analysis (cf. foot-note 3 (8)). The values found, viz. adenine 9.7, guanine 8.6 
per cent, were in good agreement with the data assembled in Table II. 
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due was hydrolyzed with formic acid as described previously (8). The 
chromatogram now exhibited four spots, belonging to cytosine and thy- 
mine and to some of the adenine (34 per cent of the total) and guanine 
(20.5 per cent of the total) that had been transferred to the pyrimidine 
fraction by the washing process. The values found were cytosine 5.2, thy- 
mine 7.2 per cent. Since thymine is the pyrimidine best separated from 
mixtures contaminated with purines (12), it served for the computation 
of the relative pyrimidine deficit which, in this particular experiment, 
was 5.9 per cent. 

Proportions and Balances—The results obtained with the several prepa- 
rations are compared in Tables [V and V. With respect to the expressions 
used, reference may be made to the study of ribonucleic acids recently 


TABLE V 


Desoxypentose Nucleic Acids; Molar Relationships* 








Coustinane | Page) Bepoume| Regenee| Penang] ali 

i | 

Molar proportions Adenine | 1.7 | 1.6 | 1.6 | 1.6 | 1.5 

Guanine ~>_—siwi14.2 1.3 1.3 1.3 1.2 

Cytosine | 1.0 1.0 1.0 1.0 1.0 

Thymine _— 1.6 1.5 1.3 1.5 1.4 

Average No. of gm.-atoms N 3.8 3.8 3.9 3.8 3.8 
per mole constituent | 

Atomic N:P ratio in nucleic | 3.7 3.8 3.9 3.7 3.6 


acid 


* The preparations are numbered as in Table I. 


published from this laboratory (8). Preparations 2, 3, and 4 are consid- 
ered slightly more reliable than Preparations 1 and 5. 

Rate of Purine Liberation—The rate of cleavage of the purine nucleotides 
of thymus nucleic acid by heating with Nn sulfuric acid was followed with 
Preparation 3 (Table I). The results assembled as Experiments 5 to 10 
in Table II are indicative of the relative ease with which the purines are 
set free; maximal values for adenine and guanine were obtained after 30 
minutes. Prolonged heating brought about a certain amount of destruc- 
tion (Experiments 9 and 10).4 


‘One gains the impression that different nucleic acids differ in their readiness to 
split off purines on treatment with methanolic HCl, which is the first step in the 
determination of pyrimidines (8). Whereas with the ribonucleic acids and with the 
desoxyribonucleic acid of thymus 15 to 30 minutes were sufficient to bring about the 
appearance of purine hydrochlorides, the corresponding preparations from spleen 
and from tubercle bacilli (7) were much more sluggish, requiring about 2.5 hours. 
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As a further check, the purine nitrogen was determined in one preparation 
by precipitation with silver sulfate (24), the experimental procedure of 
Gulland et al. (16) being followed. The purine nitrogen, thus estimated 
in the sodium nucleate, Preparation 3, Table I, following hydrolysis with 
N H.SO, for 1 hour at 115-125°, was found as 8.7 per cent, in good agree- 
ment with the value of 9.0 per cent recorded in Table IV.5 


Sugar Component of Desoxypentose Nucleic Acids 


The procedure for the identification by chromatography of the sugar 
component of the purine nucleotides following acid hydrolysis, as applied 
to the study of the pentose nucleic acids (8), could not be extended directly 
to the investigation of the desoxypentoses because of the great lability of 
these sugars. It was first necessary to convert the nucleic acids into a 
mixture of desoxypentose nucleosides. Substances of this type have, in 
the past, served for the isolation of the pure desoxy sugar (25, 26). The 
enzymatic degradation of the nucleic acids to the nucleoside stage was 
carried out by a mixture of enzymes consisting of purified desoxyribonu- 
clease of pancreas (27)* and of an enzyme preparation, derived from As- 
pergillus oryzae, which is designated as ‘‘mylase P” (Wallerstein Labo- 
ratories, New York).”? Preliminary assays with this enzyme mixture 
showed that, under the conditions of the experiments described below, 
about 65 per cent of the nucleic acid phosphorus was converted to in- 
organic phosphate within 11 hours. 

10 mg. of each nucleic acid preparation were dissolved in 1.5 cc. of veronal 
buffer of pH 6.7 (containing 15 micromoles of magnesium sulfate), 0.5 ce. 
of the enzyme solution (containing a total of 100 y of desoxyribonuclease 
and 5 mg. of mylase P) was added, and the mixture, protected with 0.01 
per cent of ethyl mercurithiosalicylate, incubated for 20 hours at 30°. It 
was then deproteinized by being shaken with chloroform-octanol and cen- 
trifuged. Samples of the solutions were removed in order to test, by chro- 


5 It might be mentioned here that the attempts to characterize all nitrogenous 
constituents in the same nucleic acid sample, based on the precipitation of the py- 
rimidine nucleotides as uranium salts (8), were extended to the desoxypentose nu- 
cleic acids. However, this procedure yielded low figures for the pyrimidines, in 
confirmation of similar findings with ribonucleic acids (8). For Preparation 2 
(Table I) cytosine 3.2, thymine 6.3 per cent were found; for Preparation 4, cyto- 
sine 3.7, thymine 6.1 per cent. In the case of the desoxypentose nucleic acids, a 
portion of the uranium precipitates was insoluble in 2 N HCl and concentrated for- 
mic acid. 

6 We are very grateful to Dr. M. McCarty of the Rockefeller Institute for a speci- 
men of this enzyme. 

7™We should like to thank Mr. Philip P. Gray, Wallerstein Laboratories, New 
York, for this preparation. 
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matography, for the presence of free sugars at this stage, but none were 
found. The remaining solutions were adjusted to pH 1.5 by means of N 
HCl and heated in boiling water for exactly 12 minutes. The hydroly- 
sates were, in portions of 0.01 and 0.02 cc., neutralized on the filter pa- 
per with gaseous NH; and subjected to chromatography in three differ- 
ent solvent systems (28). The development was carried out by means 
of m-phenylenediamine dihydrochloride as described previously (29), and 
the fluorescent zones that formed were observed in ultraviolet light. 

Only one, very fast moving sugar component was observed in all hy- 
drolysates, whose position on the chromatogram was, regardless of the sol- 
vent system used, identical for Preparations 1 and 3 from thymus and for 
Preparation 4 from spleen (Table I). The Ry values, 7.e. the proportion 
of the distances of the starting point from the adsorbate and from the 
solvent front (30), found (at about 28°) for the sugar component of both 
the thymus and spleen nucleic acids were as follows: (a) in isobutyric acid 
(saturated with H.O), 0.55; (b) in butanol-pyridine (to the upper layer, 
resulting from the mixture of 1 volume of pyridine, 1.5 volumes of water, 
and 3 volumes of n-butanol, 1 volume of pyridine was added), 0.60; (c) in 
n-butanol-ethanol-water (4:1:5), 0.45.8 The R, values for p-ribose in 
these solvents, listed in the same order, were 0.44, 0.49, 0.30; for L-rham- 
nose 0.48, 0.56, 0.40. The carbohydrate present in the desoxypentose 
nucleic acid of spleen was, therefore, in all likelihood identical with the 
sugar of thymus desoxyribonucleic acid, viz. 2-desoxryribose. 


We are indebted to Mr. W. Saschek and Miss R. Rother for the micro- 
analyses. 


SUMMARY 


The present paper continues the study of the composition of nucleic 
acids. The distribution of the purines (adenine, guanine) and the pyri- 
midines (cytosine, thymine) in the hydrolysates of several highly poly- 
merized preparations of the desoxypentose nucleic acids of calf thymus 
and beef spleen was investigated with the aid of a method recently pub- 
lished for the separation and estimation of these nitrogenous constituents 
in minute amounts. 

The composition of both the thymus and spleen desoxypentose nucleic 
acids was found closely similar, but it was not in accord with the expec- 


* When thymus nucleic acid was subjected to the treatment customary for the 
diphenylamine reaction (20), but with the omission of diphenylamine, no fluorescent 
band was observed in the chromatogram following the application of m-phenyl- 
enediamine. Control tests were also performed to ascertain the absence of chro- 
matographically demonstrable sugars from the enzyme mixture employed. 
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tations derived from the tetranucleotide hypothesis. For 10 molecules of 
cytosine, 16 molecules of adenine, 13 of guanine, and 15 (or 13) of thymine 
were found. 

The sugar component of spleen desoxypentose nucleic acid, which was 
liberated from a portion of the nucleosides obtained by enzymatic diges- 


tion, closely resembled the carbohydrate similarly released from thymus ' 


desoxyribonucleic acid in its chromatographic behavior in three different 
solvents and was tentatively identified as 2-desoxyribose. 
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ON THE NUCLEOPROTEINS OF AVIAN TUBERCLE BACILLI* 


By ERWIN CHARGAFF anp HELEN F. SAIDEL 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, July 28, 1948) 


The nucleic acids of tubercle bacilli have formed the subject of several 
studies, among which may be mentioned those by Ruppel (1), Levene (2), 
and Johnson and his associates (8-5). The work of Menzel and Heidel- 
berger (6) on the fractionation of the proteins of the tubercle bacillus re- 
vealed the presence of several protein fractions, rich in phosphorus and in 
purines, which appeared to be nucleoproteins. The studies of Seibert et 
al, on tuberculin (7, 8) have included experiments on the separation of nu- 
cleic acid, present in the crude preparations, from the biologically active 
protein. ‘The main portion of the nucleic acid preparations studied ap- 
pears to have belonged to the desoxypentose type; the presence of pen- 
tose nucleic acid does not seem to have been recorded. 

In connection with work carried out in this laboratory on bacterial gly- 
cogen (9) it was observed that borate buffer extracts of ground avian tu- 
bercle bacilli contained, in addition to glycogen, a nucleoprotein fraction 
giving strong color reactions for desoxypentose. This observation pro- 
vided an opportunity to study a nucleoprotein obtained from the bacterial 
cells by a mild extraction process at a low temperature that probably 
suppressed autolytic reactions. Several other disintegration and extrac- 
tion methods either were unsuccessful or gave inferior results. 

The crude nucleoprotein preparations were slightly yellow; they con- 
tained a yellow pigment with a blue-green fluorescence and exhibited an 
absorption peak at 410 my, in addition to the typical ultraviolet spectrum 
of nucleic acids (Fig. 1). Further fractionation made use of the fact that 
the principal nucleoprotein fraction was insoluble around pH 4 and could 
not be precipitated by half saturation with ammonium sulfate. By this 
procedure a desoxypentose nucleoprotein which contained 3.2 per cent P, 
and was only slightly contaminated with pentose nucleic acid, could be 
prepared. ‘The crude preparations, however, contained a much larger 
proportion of pentose nucleic acid which was removed in the course of 
the fractionation. The spectra of a crude and of a purified specimen are 
compared in Fig. 2. 

Not much can be said as yet about the nature of the proteins combined 

* This work has been supported in part by a research grant from the United States 
Public Health Service. 
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with the nucleic acids. There is very little likelihood that the crude nu- 
cleoprotein fractions contained considerable quantities of a basic protein. 
Attempts to prepare flavianic acid salts were unsuccessful. Whether the 
purified desoxypentose nucleoprotein, which amounted to slightly more 
than one-eighth of the entire preparation, contained a basic protein or a 
protamine cannot yet be decided. 

Our knowledge of the chemistry of nucleoproteins, other than the histone 
nucleates isolated from various animal cells (10) and the protamine nu- 
cleates of fish sperm (11), is as yet very scant. In fact, there exist no 
generally applicable, safe methods for the isolation of genuine nucleopro- 
teins. Each cellular species will, for the time being, have to be treated as 
a special case. It should, however, be pointed out that in the isolation 
methods used in the present study drastic procedures (strong salt solutions, 
high pH, etc.), which could have produced the cleavage of the conjugated 
protein, were avoided. It is, for this reason, likely that the isolated nu- 
cleoproteins existed as such in the bacterial cell. 

Other experiments, e.g. on the disintegration of the nucleoproteins, in- 
cluded in the experimental part, require no special comment. The fact 
that the treatment of the nucleoprotein at a high electrolyte concentra- 
tion with a lanthanum salt resulted in the precipitation of the intact nu- 
cleoprotein is of interest in showing that in this conjugated protein the 
phosphoric acid groups of the nucleic acid were available for combination 
with lanthanum. 

The composition of the nucleic acid contained in the nucleoprotein 
fractions of avian tubercle bacilli, described here, is discussed in the fol- 
lowing paper (12). 


EXPERIMENTAL 
I! solation of Nucleoproteins 


Starting Material— The cultivation and isolation of the tubercle bacilli of 
the avian strain were carried out as described previously (9). The syn- 
thetic Sauton medium (13) was employed at pH 7.4 and 38°. The or- 
ganisms, following washing and drying in the frozen state in a vacuum, 
contained 4.7 to 4.9 per cent N. Their subsequent handling was made 
easier by a preliminary extraction with ice-cold peroxide-free ether (20 ce. 
per gm. of organisms) for | day, which resulted in the removal of 4 to 5 per 
cent of bacillary lipides. 

Disintegration of Microorganisms—-Numerous attempts to bring about 
the complete extraction of water-soluble components by methods in which 
the use of drastic chemical treatment was avoided were not very successful. 
Among the procedures tried may be mentioned (1) treatment of the bacilli 
in 0.1 mM borate buffer of pH 8.5 with supersonic vibrations; (2) incubation 
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in the same buffer with crystalline or with commercial trypsin; (3) grinding 
of the bacilli, mixed with glass powder, at pH 7.5 between rotating glass 
cones (14), followed by the extraction of the ground material with diethyl- 
ene glycol. Procedures (1) and (2) were almost completely ineffective; for 
instance, by the supersonic treatment only 1.1 per cent of the bacterial N 
was transferred into solution. Procedure (3) had some effect, but no 
greater effect than the simpler method finally resorted to; the use of di- 
ethylene glycol, moreover, complicated the fractionation of the extracted 
substances. 

Preparation of Crude Nucleoprotein—In all following experiments the 
ether-washed dry tubercle bacilli (mixed with a small amount of the ex- 
tracting fluid to convert them into a stiff paste) were ground with 
washed, very fine Pyrex glass powder (diameter 3 ») in a proportion of 2.5 
to 5 parts of glass to 1 part of bacilli. 

One typical preparation (Fraction 3, Table I) will be described. A mix- 
ture of 25 gm. of bacilli and 100 gm. of glass powder was moistened with 
borate buffer (pH 8.3) and divided into eight portions, each of which was 
ground for 30 minutes in a mortar. The ground cells were united, shaken 
in a refrigerator with 500 cc. of the borate buffer for 2 days, and centri- 
fuged' for 30 minutes at 4000 r.p.m. (19009). The strongly opalescent 
slightly yellow supernatant was decanted through a filter. The centrifu- 
gation residue was washed with 500 cc. of borate buffer which then served 
for the extraction of a second 25 gm. portion of disintegrated bacilli. In 
this manner a total of 100 gm. of organisms was processed. The extracts 
were dialyzed against running water for 48 hours, concentrated by per- 
vaporation to about one-third of the original volume, and again dialyzed 
against ice-cold distilled water for 72 hours. Ethyl mercurithiosalicylate 
was added (0.01 percent) and the bacterial glycogen removed by sedi- 
mentation at 31,000g (9). The supernatants were once more dialyzed and 
the crude nucleoprotein fraction was recovered by evaporation of 
the frozen solution in a vacuum (yield 2.7 gm.). The yields varied for 
different preparations between 2.4 and 3.4 per cent of the starting material. 

Properties of Crude Nucleoprotein—The analytical composition of two 
preparations is summarized in Table I. All specimens formed light yellow 
fine fluffs with a silky sheen, which could easily be dispersed in water or 
buffer solutions. They were not precipitated by the gradual dilution with 
water of their solution in m sodium chloride. They were precipitable by 
trichloroacetic acid and gave positive biuret, xanthoproteic, Millon, and 
Hopkins-Cole reactions. The tests for the presence of desoxypentoses 


‘These and most other operations were performed at 4°. The centrifugations 


were carried out in a refrigerated International centrifuge with multispeed attach- 
ment. 
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TABLE [ 


Composition of Nucleoprotein Fractions 





Nucleic acid distribution as per 
| cent of total nucleic acid P 
Fraction No.* | Yield | Nitrogen Phosphorus 





| Pentose nucleic Desoxypentose 
| acid P nucleic acid P 
per cent | per cent per cent 
2 24 | 9.1 0.93 41 59 
3 aut 10.0 0.72 35 65 
44 "a 3.2 13 87 








* Fractions 2 and 3 represent crude nucleoprotein preparations; Fraction 44 (¢f, 
Table III) is a purified specimen. 
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Fic. 1. Absorption spectrum of crude nucleoprotein of avian tubercle bacilli 
(Fraction 2, Table I) in 0.03 m borate buffer of pH 7.9. 
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with diphenylamine (15) and with cysteine (16) were likewise positive. 
The substances gave the Feulgen reaction (17); a small shred of the nu- 
cleoprotein, heated with N hydrochloric acid for a few seconds, was col- 
ored a deep magenta on contact with reduced fuchsin. 

Solutions of the crude nucleoprotein fractions were faintly yellow, 
with a weak blue-green fluorescence which became much stronger in the 
light of a quartz lamp. The complete spectrum of one preparation is 
reproduced in Fig. 1. It will be seen that the substance exhibited one 
weak band in the visible portion of the spectrum, with a center at 410 mu 
(determined at a concentration of 18.6 y of nucleoprotein P per cc.) and 
one very strong band in the ultraviolet at 259.5 mu (3.7 y of P per cc.). 
Absorption minima were observed at 380 and 243 mu.’ 


Fractionation of Nucleoprotein 


Inhomogeneity of Crude Nucleoprotein—After the sedimentation of the 
bacterial glycogen described before, the nucleoproteins moved as a rule 
with a single sharp boundary in the electrophoresis cell. Occasionally the 
extracts contained a small faster component, but in practically all cases 
they were found to be contaminated with an electrophoretically almost 
immobile fraction, probably residual glycogen. One of the solutions used 
showed, for instance, the following components (barbiturate buffer of pH 
7.8, ascending mobilities): Component I, —0.34 (24 per cent of the total); 
Component II, —6.9 (53 per cent); Component III, — 10.6 & 10-> sq. em. 
per volt per second (23 per cent). The scarcity of the available material 
made attempts at fractionation by electrophoresis impracticable and other 
ways to reach this goal were chosen. 

Influence of pH on Precipitation of Nucleoprotein—The experiments pre- 
sented in Table II demonstrated the existence of a relatively narrow range 
(pH 3 to 4) within which about 83 per cent of the total N and about 70 
per cent of the total P were found in the insoluble portion. At higher pH 
values the precipitation was negligible. 

The nucleoprotein was not precipitated by half saturation with am- 
monium sulfate at pH 6.3. Under these conditions, the insoluble por- 
tion (65 per cent of the total) was found to contain N 13.2, P 0.21 per 
cent; the supernatant yielded a fraction containing N 7.3, P 1.1 per cent. 
These findings, viz. the flocculation of a nucleoprotein fraction around pH 
4, which, however, in contrast to other admixed proteins failed to pre- 
cipitate in half saturated ammonium sulfate, served for the purification 
experiments. 


? The spectroscopic measurements were carried out in the Beckman quartz spec- 
trophotometer. The reasons for the use of ¢«(P), the atomic extinction coefficient 
with respect to phosphorus, were discussed previously (18). 

* We wish to thank Dr. D. H. Moore for the electrophoresis experiments. 
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Purification of Nucleoprotein—The dialyzed crude nucleoprotein solu 
tion (190 ce.), containing a total of 265.1 mg. of N and 16.1 mg. of P, 
was brought to pH 4.3 by the addition of 2 per cent acetic acid. The 
mixture in which a precipitate appeared immediately was chilled for 3 
hours and centrifuged. The sediment was washed with ice-cold 0.05 m 


TABLE II 
Influence of pH on Precipitation of Nucleoprotein 


Analysis of supernatant 


— pH Nitrogen Phenpeeee, i 
en eee 
mg. mg. 
] 7.2 2.79 100 0.170 100 16.4 
2 6.0 2.75 98.6 0.168 98.8 16.4 
3 a 2.47 88.5 0.156 91.8 15.8 
4 4.] 0.50 17.9 0.060 35.3 8.3 
5 3.0 0.45 16.1 0.048 28.2 9.4 
6 1.8 1.15 41.2 0.056 32.9 20.5 


* Experiment 1 represents the original protein solution in distilled water. The 
supernatants presented in Experiments 2 to 6 were obtained by the addition of 
equal amounts of 0.1 m citrate buffers of the indicated pH values and centrifu- 

| 


rd 


gation, after 20 hours storage at 5°, at 4000 R.P.M. 


TABLE III 


Purification of Nucleoprolein 


Nitrogen Phosphorus 
Fraction Starting material, Weight Proportion Proportion N:P, per 
No fraction No. oe of crude of crude cent ratio 
nucleo-_ nucleo 
protein N protein P 
(Fraction 4) (Fraction 4) 
gm, per cent per cent per cent per cent 
4 100 100 16.4 
41 4 1.68 13.5 85.6 0.73 76.0 18.5 
42 4 0.72 4.6 12.5 0.12 5.4 38.3 
43 41 (1.67 gm.) 1.36 12.1 62.5 0.20 16.9 60.5 
44 Sr cree **.) 0.29 12.1 13.3 3.2 57.8 3.8 


citrate buffer of pH 4.3, dissolved in borate buffer of pH 8.4, and the 
solution after prolonged dialysis was evaporated in a vacuum in the fro- 
zen state. This fraction, listed as Fraction 41 in Table III, formed a 
slightly yellowish fluff. The supernatants and washings yielded, after 
dialysis, Fraction 42 (Table III) which, in addition to some protein (al- 
most free of P), contained much glycogen. 
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The precipitate produced by the addition of 150 cc. of saturated am- 
monium sulfate solution to 1.67 gm. of Fraction 41, dissolved in 150 ce. 
of water, was collected by centrifugation, washed repeatedly with half 
saturated ammonium sulfate, dissolved in borate buffer of pH 8.2, and dia- 
lyzed. This solution yielded Fraction 43 (Table III) as a slightly yellow- 


E(P) 
9000 |. 


a ae 


3000 |. 











260 240 220 
TL 
Fig. 2. Ultraviolet absorption of nucleoproteins in 0.03 m borate buffer of pH 7.9. 
Curve I, purified nucleoprotein (Fraction 44, Tables I and III). Curve II, crude 
nucleoprotein (Fraction 2, Table 1). 


300 280 


ish fine powder. The supernatants from the ammonium sulfate precip- 
itation, freed of electrolytes by prolonged dialysis and evaporated in the 
frozen state in a vacuum, yielded the purified nucleoprotein, Fraction 44 
(Table III), which formed a white fiber felt. 

As may be gathered from an inspection of Table III, the first purification 
step, 7.e. the precipitation at pH 4.3, was accompanied by some loss in 
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phosphorylated constituents. This probably took place in the course of 
the dialysis of Fraction 42, as a comparison of the data reported for this 
fraction in Table III with those for the corresponding preparation in 
Table II (Experiment 4) will show. The subsequent fractionation with 
ammonium sulfate, on the other hand, entailed very little loss, 89 and 
98 per cent respectively of the N and P contained in Fraction 41 being 
recovered in Fractions 43 and 44. 

Absorption in Ultraviolet—Fig. 2 reproduces the absorption spectrum in 
the ultraviolet of the purified nucleoprotein, Fraction 44 (Curve I). The 
solution examined at a concentration of 7.0 y of P per cc. had a center of 
absorption at 258 my and a minimum at 237 my. For purposes of com- 
parison, the detailed spectrum of Fraction 2 (Table I) is likewise given 
(Curve II). Both nucleoproteins had very similar spectra in the ultra- 
violet. The fluorescent pigment, however, present in all crude prepa- 
rations (compare Fig. 1), had disappeared from Fraction 44; it remained 
for the most part in Fraction 43. 

Nucleic Acid Distribution—Since the customary colorimetric methods for 
the estimation of nucleic acids, based on the behavior of the sugar compo- 
nents of the purine nucleotides, cannot be used in the presence of proteins, 
the approximate distribution of pentose and desoxypentose nucleic acid 
phosphorus in crude and purified preparations was determined by the 
method of Schmidt and Thannhauser (19). We are very grateful to Dr. 
G. Schmidt of Tufts College Medical School for the estimations. in- 
cluded in Table I. It will be noted that most of the pentose nucleic acid 
apparently remained in Fractions 42 and 43 (Table III) and that the 
purified nucleoprotein, Fraction 44, contained, for the most part, desoxy- 
pentose nucleic acid. 

Viscosity—The viscosity of solutions of the nucleoproteins in 0.1 
borate buffer of pH 7.9 was determined at 37.0° in Ostwald-Fenske pi- 
pettes. The values are expressed here as the specific viscosity: ns». = 
n/no —1, where 7 and mp are the viscosities of the solution and the solvent 
respectively. The substances exhibited a low viscosity. A 0.28 per cent 
solution of Fraction 2 (Table I) had »,,. = 0.14; the purified compound 
Fraction 44 (Tables I and ITI) had, in a 0.1 per cent solution, n,,, = 0.28. 


Disintegration Experiments; Isolation of Nucleic Acids 


Effect of Proteolytic Enzymes—The effect of crystalline preparations of 
trypsin and chymotrypsin on several nucleoprotein samples was studied 
viscosimetrically at pH 7.9 and 37°. No increase in viscosity was observed. 
The degradation of the protein moiety by enzymatic action would have 
been expected to bring about an increase in viscosity owing to the release 
of nucleic acid (20, 21). 
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Disintegration Attempts—Experiments aiming at the precipitation of the 
protein moiety as a salt with flavianic acid were unsuccessful, nor could the 
presence of a basic protein of the protamine or histone types be demon- 
strated in other ways. Prolonged dialysis against M sodium chloride, a 
procedure described as productive of splitting in the case of a nucleopro- 
tamine (11), proved ineffective. A solution of 103.6 mg. of Fraction 3 
(Table I) in 10 ce. of mM sodium chloride was subjected to dialysis against 
a salt solution of the same concentration at 4° for 8 days. The solution, 
after being freed of salt, yielded 73.2 mg. of a substance with completely 
unchanged analytical values; viz., N 9.9, P 0.70 per cent.' 

Effect of Lanthanum—A solution of 370 mg. of the crude nucleoprotein, 
Fraction 3 (Table I), in 20 ce. of a sodium chloride-borate buffer mixture 
of pH 7.7 (0.08 m with respect to borate, 1.2 m with respect to NaCl) was 
clarified by centrifugation at 4800 r.p.m. The gelatinous precipitate pro- 


TABLE IV 
Effect of Lanthanum on Nucleoprotein 





Nitrogen Phosphorus 





— Properties Weight Proportion |Proportion 
pre, N wena P 
ie a _ ee mg. 7 per cent per cent per ont | gen ete 
31. Soluble at pH 7.7 82.6) 4.5 10.0 0 0 
32 SP See Wire ee | 21.3 


3.5 7.8 0.19 1.5 
an 


1 
33 Insoluble at pH 7.7 and 4.9 | 157.1 14 59.9 1.12 | 66.1 





duced by the addition to the supernatant of 5 cc. of 2.5 per cent aqueous 
lanthanum nitrate was removed by centrifugation after being chilled over- 
night, washed repeatedly with the borate-NaCl mixture, and then ex- 
tracted with 0.1 m acetate buffer of pH 4.9. The insoluble extraction 
residue, exhaustively washed with distilled water, was suspended in water, 
and this suspension, as well as the dialyzed supernatants (obtained at pH 
7.7 and 4.9), was evaporated in a vacuum in the frozen state. The re- 
sults, summarized in Table IV, show an interesting parallelism with the 
fractionation experiments described above. The portion not precipitated 
by lanthanum (Fraction 31, Table IV) appears quite similar to Fraction 
42 in Table III, the major part consisting of material free of P and N, 
probably glycogen. The entire nucleoprotein, on the other hand, com- 
bined with lanthanum and became insoluble at pH 7.7. No indication 
of a dissociation into nucleic acid and protein in the presence of a high 


‘ The small amount of yellow pigment which, as was mentioned above, accompanies 
the crude nucleoprotein preparations was not removed by the dialysis. 
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salt concentration was observed. These experiments indicated that the 
phosphoric acid groups of the nucleic acid were not involved in the com- 
bination with protein in such a manner as to make them unavailable for 
salt formation with lanthanum. 

Action of Saturated Sodium Chloride Solution—The efficacy of saturated 
sodium chloride solutions in the cleavage of the nucleic acid-histone bond 
is well known (22, 23). A solution of 296.5 mg. of Fraction 3 (‘Table I) in 
12 cc. of 10 per cent sodium chloride was saturated with NaCl, after 
which turbidity and precipitation occurred. The chilled mixture was cen- 
trifuged and 2 volumes of alcohol were added to the supernatant. The 
precipitate thus produced was not all soluble in water and physiological 
saline. The united insoluble residues were suspended in 0.1 mM borate 
buffer of pH 8.4, subjected to prolonged dialysis, and recovered in the 
usual manner. The insoluble protein fraction weighed 102.7 mg. (35 per 
cent of the starting material), formed an almost white, light fluff, and 
contained N 13.8, P 0.4 per cent. The saline solution was freed of re- 
sidual protein by five treatments for 16 hours each with 9:1 chloroform- 
octanol (24) and the crude nucleic acid precipitated by the addition of 
4 volumes of alcohol. Reprecipitation with 1 volume of alcohol finally 
removed the yellow pigment accompanying the crude nucleoprotein. 
The nucleic acid preparation obtained in this manner weighed 12.7 mg. 
and formed white fibers which gave quite viscous solutions. The ana- 
lytical figures (N 8.2, P 4.8 per cent) showed it to be still contaminated 
with bacterial glycogen. It could be further purified by the procedures 
discussed in the following paper (12). 

These experiments indicated that the cleavage of the nucleoprotein by 
saturated salt solutions was not complete: 21 per cent of the original P 
remained in the precipitated protein fraction, 28 per cent was recovered 
in the liberated nucleic acid. 

Action of Sodium Desoxycholate—This very active detergent could be 
utilized for the splitting of the nucleoprotein (ef. (25)). A solution of 820 
mg. of Fraction 3 (Table I) in 40 cc. of physiological saline was mixed with 
an equal volume of 1 per cent aqueous sodium desoxycholate. ‘The mixture 
(pH 7.6) was chilled overnight and the precipitate produced by the addition 
of 3 volumes of absolute alcohol removed by centrifugation. It was 
washed with alcohol and its solution in 30 cc. of saline was shaken with 
20 ec. of chloroform-octanol for 20 hours. The coagulated protein por- 
tion was recovered, washed with water, 70 and 100 per cent ethyl alcohol, 


and ether, and dried. It weighed 208 mg. and contained N 14.1, P 0.20 


per cent (7 per cent of the original P). The treatment of the saline 
solution with chloroform-octanol was repeated four times for a total of 90 
hours. The nucleic acid was twice precipitated from its solution in saline 
by the addition of 4 volumes of alcohol and subsequently three times with 
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1 volume of alcohol. The yellow, blue-fluorescing pigment mentioned 
before was soluble in 50 per cent aleohol and was thus removed. The 
nucleic acid, precipitating as a coherent bundle of slimy fibers, was again 
dissolved in 12 cc. of saline, and the solution was clarified by centrifuga- 
tion at 11,000g for 30 minutes, dialyzed against tap and ice-cold distilled 
water for a total of 4 days, and evaporated to dryness in the frozen 
state in vacuo. The nucleic acid, 67.2 mg. of white fibers, contained N 
10.6, P 6.3 per cent (72 per cent of the original P) and was further 
purified (12). 

Similar nucleic acid preparations eould be obtained by the direct extrac- 
tion of dry ether-washed tubercle bacilli with 0.5 per cent sodium desoxy- 
cholate solution, but the yields were smaller and the products more con- 
taminated with polysaccharides. 

Purification of Nucleic Acids—As pointed out repeatedly, the main 
obstacle to the preparation of pure undegraded nucleic acids from the 
bacillary nucleoproteins lay in the difficulty with which contaminating 
glycogen and other substances were removed. The low percentage values 
for nitrogen and phosphorus indicated the presence of non-nitrogenous 
impurities. Purification by electrophoresis proved possible, although it 
was accompanied by considerable losses. One example will be given here. 
A crude nucleic acid sample, prepared by extraction of the bacilli with 0.5 
per cent sodium desoxycholate, was found to contain P 3.8 per cent (yield 
30.7 mg. from 37 gm. of ether-washed bacilli). The entire quantity was 
dissolved in 2 cc. of barbiturate buffer of pH 7.8 and subjected to elec- 
trophoresis in a micro cell. The examination revealed three components 
with the following descending mobilities: Component I, — 1.6; Component 
II, —10.9; Component IIT, —15.2 X 10-° sq. cm. per volt per second. 
Components If and III were removed separately, subjected to dialysis, 
and recovered by evaporation in the frozen state in vacuo. Component 
IT weighed 9.0 mg. and contained P 1.9 per cent (15 per cent of the orig- 
inal P). Component III was nucleic acid; it consisted of white fibers 
weighing 6.6 mg. and contained N 12.9, P 7.6 per cent (43 per cent of 
the original P). 


SUMMARY 
The properties and the purification of a nucleoprotein fraction isolated 
from avian tubercle bacilli (containing desoxypentose and pentose nu- 


cleic acids) are discussed. Methods for the cleavage of the nucleopro- 
tein and the isolation of desoxypentose nucleic acid are reported. 
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A preceding paper from this laboratory (1) has shown that the desoxy- 
pentose nucleic acids of calf thymus and beef spleen resemble each other 
very closely in regard to the molar proportions of their constituent purines 
and pyrimidines. While no claim of identity can be made, since variations 
in the sequence in which the nucleotide components are interconnected in 
these two compounds are entirely possible, this similarity of nucleic acids 
originating in different tissues of the same species is not surprising. How- 
ever, if, as appears probable (2), certain nucleic acids are endowed with a 
specific biological activity, a search for chemical differences in nucleic 
acids derived from taxonomically different species should be conducted, 
and microorganisms would appear to be one of the most promising 
sources. The microprocedures developed in this laboratory (3, 4) have 
made studies of this type possible. 

This paper presents, as a first attempt, an investigation of the composi- 


tion of the desoxypentose nucleic acids derived from avian tubercle bacilli 
and from yeast. 


EXPERIMENTAL 
Material 


Desoxypentose Nucleic Acids of Avian Tubercle Bacilli—Several nucleic 
acid preparations obtained by the degradation of the bacillary nucleopro- 
tein fractions, discussed in an accompanying paper (5), were purified via 
their lanthanum salts by the procedure described previously (1). Two 
instances will be mentioned here. A sample (40 mg.) of the crude nucleic 
acid prepared by the action of sodium desoxycholate on the nucleoprotein 
fraction (No. 3 (5)) (N 10.6, P 6.3 per cent) was converted into the lan- 
thanum salt. This precipitate was shaken with 20 cc. of M potassium 
chloride (containing 5 per cent potassium oxalate) for 24 hours. (The 
pH of the mixture was 7.2.) The centrifugation and washing of the sedi- 

* This work has been supported by a research grant from the United States Public 
Health Service. 

{ Swiss-American Student Exchange Fellow. 
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ment with 5 ec. of 0.04 m KCl were followed by precipitation with 60 ce. 
of absolute alcohol, filtration, and washing with 66 and 100 per cent al- 
cohol and with ether. The fibers obtained by the addition of 10 cc. of 
alcohol to the solution of the precipitate in 10 cc. of water were dissolved 
in 30 ec. of water, and the solution, following dialysis for 4 days and cen- 
trifugation, was evaporated in the frozen state in a vacuum. ‘The purified 
potassium salt of the nucleic acid (Preparation 1), 21.8 mg. of white fibers, 
contained N 13.3, P 7.4 per cent (atomic N:P ratio 4.0). The colori- 
metric estimations were carried out with the potassium salt of thymus 
nucleic acid (Preparation 2 (1)) as the standard for the reaction with di- 
phenylamine (6) and with yeast ribonucleic acid, purified according to 
Fletcher et al. (7), as the standard for the reaction with orcinol (8). They 
revealed the presence of about 82 per cent of desoxypentose nucleic acid 
and of a small amount (8 to 10 per cent) of pentose nucleic acid.’ Aque- 
ous solutions of the substance were noticeably viscous, but less so than 
preparations of thymus nucleic acid (1) or of the desoxypentose nucleic 
acid recently isolated from yeast (9) and discussed later in this paper. A 
very dilute solution, viz. 0.03 per cent in distilled water (30.3°), had »,,. 
0.2. The scarcity of material prevented an examination at higher con- 
centrations. The absorption maximum of this nucleic acid was found at 
257 my with an e(P) value (9) of 6400. This fraction was used for the 
study of the distribution of purines and pyrimidines. 

Another nucleic acid preparation purified through the lanthanum salt 
was a substance isolated by the treatment with warm 10 per cent NaC! of 
the bacterial residues from the nucleoprotein extraction (5). This sub- 
stance contained N 6.8, P 3.7 per cent. The crude preparation (310 mg.) 
was taken up in 25 ce. of saline. A large proportion (55 per cent) was 
insoluble; it contained N 4.1, P 1.9 per cent. From the supernatant the 
lanthanum salt was prepared and decomposed in the manner described. 
The potassium nucleate (Preparation 2) weighed 29 mg. and was not yet 
quite pure; it contained N 11.2, P 6.2 per cent. This preparation, con- 
taining about 65 per cent of desoxypentose nucleic acid and about 30 per 
cent of pentose nucleic acid, served for the study of the carbohydrate com- 
ponents included in this paper. 

Desoxypentose Nucleic Acid of Yeast—The preparation of this material 
has been described in an earlier communication (9). The sample em- 
ployed contained N 14.0, P 8.3 per cent. 

1 It might be pointed out that, owing to the greater stability of the pyrimidine 
nucleotides, the employment of the diphenylamine color reaction (6) for the determi- 
nation of the purity of a desoxypentose nucleic acid preparation, or for the estimation 
of desoxypentose nucleic acids in general, requires that the proportion of purines 
in the nucleic acid serving as the standard and in the unknown be the same. Other- 


wise, the results cannot be evaluated, unless, as is the case here, the molar propor- 
tions of purines are known. 
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Composition of Desoxypentose Nucleic Acid of Avian Tubercle Bacilli 


Preliminary Experiments with 5-Methylcytosine—In view of the reported 
presence of this unusual pyrimidine in the nucleic acid of tubercle bacilli 
(10) it was thought best to perform orienting experiments on the chroma- 
tographic behavior of this compound, with a small specimen which, 
shortly before his death, Professor T. B. Johnson of Yale University had 
had the goodness to send us. An aqueous solution of the preparation 
was treated with H.S, in order to remove silver which it contained, cen- 
trifuged, and concentrated to a small volume under diminished pressure. 
The chilled concentrate deposited crystals which were collected. 

When an aqueous solution of this substance, containing 4.246 mg. (dried 
in a high vacuum) in 2.5 cc., was subjected, in portions of 0.01 cc., to 
chromatography on filter paper with n-butanol-water as the solvent, it 
became obvious that it contained two components which, however, were 
not well separated in the course of 12 hours, the period usually employed 
for the separation of pyrimidines (3). Extended chromatography for 18 
hours brought about the separation of two distinct spots, of which the up- 
per one corresponded to cytosine, both in its absorption maximum and its 
position on the chromatogram. The lower zone, with an Ry value ap- 
proximately 25 per cent greater than that of cytosine, yielded an extract 
having an absorption maximum at 274 muy (in water) and was presumed to 
represent 5-methylcytosine. 

An approximate absorption spectrum of 5-methylcytosine could be con- 
structed by the chromatographic separation of the mixture, the quantita- 
tive estimation of the proportion of cytosine present, and the spectroscopy 
of the second component. A 0.01 cc. portion of the solution (containing 
16.98 y of the pyrimidine mixture) was found to yield an average of 7.19 y 
of cytosine and to correspond, therefore, to 9.79 y of 5-methylcytosine. 
The extinction values recorded for aqueous extracts of the methylcytosine 
adsorbates, prepared in the usual way (3), showed an absorption maxi- 
mum with a center at 274 my and a minimum at about 252 my. At the 
maximum, the molecular extinction coefficient, e, was found to be 10,200. 

Purines and Pyrimidines—A total of about 7.5 mg. of the nucleic acid 
(Preparation 1) was available for the complete analysis. For this reason, 
it was found preferable to perform most of the analyses in a slightly 
modified sequence that was imposed by the very small quantity avail- 
able. 7.073 mg. (dried in a high vacuum at 60° for 3 hours) were, in the 
arrangement previously discussed (4), suspended in 0.5 cc. of absolute 
methanol and treated with dry HCl gas for 5 hours. Within about 20 
minutes the nucleic acid had gone into solution, but it required more than 
2 hours for the purine hydrochloride precipitate to make its appearance. 
The mixture was chilled, the purines were removed by centrifugation, 
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and the supernatant (containing the pyrimidine fraction) was evaporated 
and freed of HCl in the manner described before (4). 

The purine fraction was dissolved in 0.1 N sulfuric acid (volume of the 
solution 0.814 cc.) and the solution chromatographed in 0.01 cc. portions 
(each corresponding to 86.9 y of nucleic acid) with n-butanol-diethylene 
glycol-water (in NH; atmosphere) as the solvent. In contrast to all other 
nucleic acids examined, only one component, viz. guanine, was demonstra- 
ble on the developed chromatogram. The amount of guanine found per 
0.01 cc. of solution was 7.41 y (average of six determinations); 7.¢., 8.5 
per cent of the nucleic acid. No adenine was demonstrated visibly; seg- 
ments, removed by blind cutting (1, 4), yielded extracts containing traces 
(about 0.6 7) of what from its absorption maximum (262 mu) might have 
been adenine. 

The pyrimidine fraction was hydrolyzed with 0.8 cc. of concentrated 
formic acid (175°, 2 hours) and processed in the usual manner (4). Its 
final volume was 0.911 cc. The chromatographic separation was carried 
out in n-butanol-water with 0.03 and 0.04 cc. portions of the hydrolysate 
(corresponding to 233 and 311 y respectively of the nucleic acid). The 
development of the chromatograms for pyrimidines demonstrated four 
distinct spots, two of which were also brought out by the development for 


purines (3).2. The pyrimidines were cytosine, 6.5 per cent of the nucleic ° 


acid (average of six determinations), and thymine, 3.0 per cent (eleven 
determinations). The purines were guanine, 1.5 per cent of the nucleic 
acid, and adenine, 3.8 per cent. For the relative position of these com- 
pounds on the chromatogram, Fig. 1 of Vischer and Chargaff (3) should 
be consulted. 

As a check on the finding that the treatment with methanolic HCl, 
which with other nucleic acids (1, 4) effected the liberation of both 
purine constituents, released only guanine from the nucleic acid of tu- 
bercle bacilli, the minute amount of remaining material was subjected 
to a purine analysis by the customary procedure (4), though with much 
smaller quantities. 0.404 mg. of the nucleic acid (Preparation 1) was hy- 
drolyzed in 0.1 cc. of N H:SO, at 100° for 1 hour in a sealed tube. The 
hydrolysate was, by means of a capillary pipette, quantitatively trans- 
ferred to a short paraffin-coated test-tube, 3 drops of H.SO, being used 
for rinsing. The test-tube was kept in an ammonia atmosphere for 15 
minutes and then overnight in a non-evacuated desiccator over calcium 


2 The possibility of making use of such differential development procedures should 
be emphasized. When the chromatograms are developed for purines, 7.e. via their 
Hg salts under acidic conditions, eventually present pyrimidines will not be visible. 
The development procedure for pyrimidines, resting on the production of Hg salts 
at neutrality. will, however, bring out purines as well (3). 
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chloride, in order to concentrate the neutralized solution whose final vol- 
ume was determined, by drawing it into a micrometric burette, as 0.11105 
ec. The solution was chromatographed, in 0.011 cc. portions (correspond- 
ing to 40.4 y of nucleic acid), with n-butanol-diethylene glycol-water (in 
NH; atmosphere) and separated into guanine, 10.3 per cent of the nu- 
cleic acid, and adenine, 3.8 per cent. The excellent agreement with the 
figures reported in the preceding paragraph indicates the effectiveness 
of the estimation procedures, even when performed under difficult condi- 
tions and with minute amounts of material. 


TABLE I 
Composition of Desorypentose Nucleic Acids of Tubercle Bacilli and of Yeast 








| Nac- | “ P ac- 
Cosine) cies counted | 4 counted Average . 
Desoxy- a ; Nin foras | Z| Mole | foras | No. of | Atomic) Molar 
pentose Constituent uh :,| nucleic |per cent} 2/5 | per _ percent/Natoms| N:P | pro- 
nucleic acid ar | acid | of | ‘2/ | mole P of per con-| ratio |portions 
— nucleic) 3 °E nucleic stituent 
pacidN | | acid P 
| | 
per cent| per cent | | 
Tubercle | Adenine 3.9 | 2.0 | 15.2 | | 0.121) 12.1 | 1.1 
bacilli Guanine | 10.1 | 4.7 | 35.2 | | 0.280) 28.0 2.6 
Cytosine 6.8 | 2.6 | 19.3 | 0.256, 25.6 | 2.4 
Thymine 3.2| 0.7 | 5.3 | | 0.106) 10.6 | | | 1.0 
Geet ee! ee pare iene 
Total nu- | 75.0 | 2.0 | 76.3/ 3.9 | 4.0 | 
cleic | | 
acid 
Yeast | Adenine 8.5 | 4.4 | 31.5 | | 0.235) 23.5 1.8 
Guanine | 5.5) 2.6 | 18.2 | 0.136, 13.6 1.0 
| Cytosine | 3.9/ 1.5 10.5 | | 0.131) 13.1 1.0 
| Thymine | 8.3 | 1.8 | 13.2) 0.246 24.6 1.9 
| Total nu- | | | 73.4 | 2.1 | 74.8| 3.6 | 3.7 | 
cleic | | | | | 
| 
| 


acid 


Table I includes a summary of the composition of the nucleic acid and of 
the proportions in which the constituents occur. For the reasons set 
forth previously (1, 4), the pyrimidine figures were corrected by the addi- 
tion of a factor of 5 per cent. 

Search for Presence of 5-Methylcytosine—In no case could a third pyrim- 
idine, in addition to cytosine and thymine, be demonstrated in the hy- 
drolysate of the nucleic acid by the usual development of the guide 
chromatogram (3). There existed, nevertheless, the possibility of the 
occurrence of methylcytosine as a minor component. For this reason, 
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several chromatograms were dissected in such a manner as to cut a nar- 
row cytosine segment (about 2.5 em. high, 2.7 em. wide) and directly be- 
low, but above the region of adenine adsorption, a second rectangle of the 
same dimensions, which, in accordance with the preliminary observa- 
tions on methyleytosine, should have contained this pyrimidine. Each 
paper segment was extracted with 4 cc. of water and the extracts were 
read in the spectrophotometer. The results, assembled in Table IT, 
show the absence of an absorbing substance from the region where 
methyleytosine would have been found. They are particularly con- 


TaBLeE IT 
Search for 5-Methylcytosine in Hydrolysate of Tubercle Bacillus Nucleic Acid 


Extinction coefficient 
Wave-length 


Cytosine region Methylcytosine region 
my 
300 0.020 —0.011 
290 0.046 —0.010 
275 0.286 —0.008 
267 .5 0.322 —0.008 
262.5 0.315 —0.008 
250 0.262 —0.004 
230 0.389 —0.005 


vincing, since, in the region directly above, cytosine with the correct 
absorption maximum, 267.5 mu, was found in an amount of 20.2 y. 


Composition of Desoxypentose Nucleic Acid of Yeast 


As the methods previously described (1, 4) were followed, only a few 
additional remarks are necessary. The purines were liberated by hydrol- 
ysis with N sulfuric acid at 100° for 1 hour and separated with n-butanol- 
morpholine-diethylene glycol-water. Adenine amounted to 8.5 per cent 
and guanine to 5.5 per cent of the nucleic acid. In another hydrolysis 
that was carried out for 45 minutes, morpholine was omitted from the 
solvent mixture and the separation performed in an ammonia atmos- 
phere. The values found here were adenine 8.2 per cent, guanine 5.2 
per cent. 

In its behavior towards hydrolysis for the determination of pyrimidines 
the yeast desoxypentose nucleic acid behaved somewhat similarly to the 
corresponding compound from tubercle bacilli. ‘The purine hydrochlorides 
appeared 2 hours after the treatment with HCl in methanol had begun. 
The degradation with methanolic HCI was carried out for a total of 5 hours 
and the pyrimidine fraction hydrolyzed with formic acid and processed as 
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usual. Here, too, four adsorption zones were revealed by the development, 
two belonging to pyrimidines, two to small amounts of purines. The 
pyrimidines were cytosine 3.7 per cent, thymine 7.9 per cent of the 
nucleic acid. ‘The purines consisted of adenine (absorption maximum 
262.5 mu), | per cent of the nucleic acid, and of a second component, 
situated above cytosine on the chromatogram, whose solution in N 
HCl gave very low absorption readings, with a maximum at 275 mu. 

The analytical figures employed for the computation of the proportions 
of the purines and pyrimidines found in this nucleic acid are arranged in 
Table I. 


Sugar Components of Microbial Nucleic Acids 


The study of the sugar components of the nucleic acids discussed here 
utilized procedures that were similar to those followed in this laboratory 
for the examination of other nucleic acids (1, 4). It was based on the 
enzymatic cleavage of the nucleic acids to nucleosides, the hydrolysis 
of the latter with very dilute acid, and the chromatography of the liber- 
ated sugars. 

The enzymatic digestion of 10 mg. portions of the nucleic acid of 
tubercle bacilli (Preparation 2) and of the desoxypentose nucleic acid of 
yeast was carried out with the proportions of enzymes and under the 
experimental conditions described previously (1). The duration of in- 
cubation at 30° was 19 hours, at which time 90 per cent of the organic 
P of the nucleic acid of tubercle bacillus and 54 per cent of that of the 
yeast product had been converted to phosphoric acid. The solutions 
were deproteinized, adjusted to pH 1.3, and heated at 100° for 12 minutes 
in the manner discussed before (1). The chromatographic study of the 
hydrolysates with three different solvent mixtures also followed the 
earlier arrangement. 

().02 cc. portions of the hydrolysate of the tubercle bacillus nucleic acid 
and 0.03 and 0.05 cc. portions of that of the yeast nucleic acid were sub- 
jected to chromatography. An enzymatic digest of thymus nucleic acid 
(1) served as the reference standard for desoxyribose. Control runs with 
p-ribose and with the enzyme mixture alone (with the omission of nucleic 
acid) also were carried out. Both microbial nucleic acids yielded a sugar 
component which was identical in its chromatographic behavior in three 
solvent systems with 2-desoryribose from thymus nucleic acid. The 
tubercle bacillus nucleic acid contained, in addition, ribose as a minor 
component. The presence of a pentose in this fraction (Preparation 2) 
was to be expected from the analytical results given at the beginning of 
this paper, which showed it to be a mixture of desoxypentose and pen- 
tose nucleic acids. Lack of material prevented the examination of the 
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carbohydrate component of the more highly purified Preparation 1 of 
the tubercle bacillus nucleic acid that had served for the study of the 
purines and pyrimidines. 

The exact composition of the solvent systems has been given in a previ- 
ous paper (1). The Ry, values (at 30°) of the desoxyribose components 
of the desoxypentose nucleic acids of yeast, tubercle bacilli, and thymus 
were as follows: in isobutyric acid 0.55, in butanol-pyridine 0.62, in bu- 
tanol-ethanol 0.48. The ribose component of the tubercle bacillus prod- 
uct gave, in the same solvents, Ry values of 0.42, 0.52, 0.32 respectively. 
In the development of the chromatograms with m-phenylenediamine 
(11), differences in the fluorescent colors of the various sugar bands were 
observed; whereas that of p-ribose was orange, desoxyribose produced 
a brilliant, almost white fluorescence. It should be mentioned that the 
hydrolysate of the yeast desoxypentose nucleic acid showed, in isobutyric 
acid, a minor, somewhat tailing, slow component with an R,y of 0.32. 
Similar bands were also observed with the desoxypentose nucleic acids 
of thymus and spleen; they possibly represented desoxyribose phos- 
phoric acid. 

DISCUSSION 

The inspection of Table I will show that, with respect to purine and 
pyrimidine distribution, the microbial nucleic acids differ very much 
from each other as well as from the desoxypentose nucleic acids of thy- 
mus and spleen investigated previously (1). A comparison of the molar 
proportions reveals certain striking, but perhaps meaningless, regularities. 

The composition of nucleic acid preparations from tubercle bacilli has 
been studied in several instances, but the substances investigated prob- 
ably were in most cases mixtures of desoxypentose and pentose deriv- 
atives. Ruppel (12) reported the presence of thymine, Levene (13) 
that of thymine and uracil; Long (14) isolated adenine and guanine. 
Better products, though degraded by alkali, were examined by Johnson 
and Brown (15, 16). These authors isolated adenine, cytosine, and thy- 
mine; guanine was not found in the purified preparation, but could be 
isolated from the mother liquors accumulated in the course of the purifi- 
cation of the nucleic acid. They concluded that the original nucleic acid 
was a rather labile substance from which guanine could be split off easily. 
This inference is not borne out by the present studies which showed gua- 
nine to be the major purine constituent. It is probable that the lability 
of the nucleic acid observed by Brown and Johnson was induced by the 
treatment with strong alkali. Interesting differences were, however, ob- 
served in the present experiments in regard to the ease with which the 
purines were liberated by methanolic HCl. Whereas in the desoxypen- 
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tose nucleic acids of animal origin (1) both adenine and guanine were 
released by this treatment, only the latter compound was set free from 
the tubercle bacillus nucleic acid. No such differences were found when 
the liberation of purines was effected with aqueous mineral acid. 

The nucleic acid of tubercle bacilli occupies a special place in the litera- 
ture because of the reported occurrence in it of 5-methylcytosine (10). 
The evidence was not entirely convincing, resting solely on the crystallo- 
graphic identification of the picrate, and for this reason, a special search 
was made for the presence of this pyrimidine in the chromatograms ob- 
tained in the course of this study. It was, however, not found. Had it 
been present in the hydrolysate in a concentration of 0.7 per cent of the 
nucleic acid (7.e. about one-tenth of the amount of cytosine found), it 
could hardly have escaped detection. 

The investigation of the composition of the desoxypentose nucleic acid 
of yeast presents some interest for a number of reasons. This appears to 
be the first instance of its study. It also represents, when considered in 
conjunction with a previous paper (4), the first example of a comparative 
study by identical methods of the composition of both types of nucleic 
acid derived from the same cell. 

In both microbial desoxypentose nucleic acids discussed here, a certain 
proportion of the nucleic acid nitrogen (about 25 per cent) has not been 
accounted for. The possible reasons for these losses have been discussed 
previously (4), but it should be emphasized that the deficit is somewhat 
greater in the microbial preparations forming the subject of this paper, 
and this may well lead to the suspicion that one major constituent or sev- 
eral minor components of these nucleic acids have not yet been identified. 

The examination of the carbohydrates contained in the microbial 
nucleic acids gave interesting results. By their chromatographic behav- 
ior in three different solvent systems, the sugars contained in both nu- 
cleic acids were shown to be most probably identical with 2-desoxyribose 
from thymus nucleic acid. The identification must remain tentative as 
long as the chromatographic properties of other desoxy sugars are not 
known, but it is unlikely that such parallelism in their positions on the 
chromatograms could have occurred in three different solvents had the 
sugars in question not been the same. It has thus been made probable 
that the desoxypentoses present in the nucleic acids from sources as dis- 
tinct as thymus, spleen (1), yeast, and tubercle bacilli have their sugar 
component, or at least one of their sugars, in common, a point very 
much in doubt until now. It will be understood that, in view of the 
greater stability of the pyrimidine nucleosides, the presence of other 
sugars still is conceivable. The carbohydrate of the pentose nucleic 
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acid of tubercle bacilli has, by similar procedures, been identified with 
ribose. 


The authors are very much indebted to Mrs. Charlotte Green and Miss 
Ruth Doniger for help in the experiments. 


SUMMARY 


The composition of two desoxypentose nucleic acids derived from avian 
tubercle bacilli and from yeast was studied. Both compounds were found 
to contain the purines adenine and guanine and the pyrimidines cytosine 
and thymine. No 5-methyleytosine could be detected in the nucleic acid 
of tubercle bacilli. The application of microprocedures permitted the es- 
timation of the major portion of the nitrogenous constituents in minute 
quantities of these nucleic acids. 

The sugar components of both nucleic acids, released by the hydrolysis 
of the enzymatically produced nucleosides, were in all likelihood identical 
with the desoxypentose of thymus nucleic acid, 7.e. 2-desoxyribose. The 
pentose nucleic acid of tubercle bacilli was shown to contain ribose. 
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ELECTROPHORETIC AND CHEMICAL CHARACTERIZATION 
OF HUMAN LYMPHOID TISSUE AND CALF THYMUS* 


By ADOLPH ABRAMS anp PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison) 
(Received for publication, August 30, 1948) 


An adequate characterization of protein mixtures extracted from tissues 
requires, in addition to chemical analysis, the parallel application of the 
physical techniques developed within recent years and applied so success- 
fully to the analysis of blood plasma. Electrophoretic analysis of cellular 
extracts, not further manipulated by chemical procedures, have been re- 
ported for yeast (1), red cells (2), rabbit muscle (3, 4), rabbit lymphoid 
tissue (5), mouse lymphosarcoma and calf thymus (6), and dog tissues 
(7). 

In this paper, electrophoretic analyses of extracts of human lymphoid 
tissue and calf thymus are presented. In addition, the fractions obtained 
by salt fractionation have been characterized electrophoretically and in part 
by chemical analysis. 

In so far as it was possible, an attempt has been made to preserve the 
native state of the components of the system by using mild procedures 
capable of bringing the elements of the cell into a clear solution which 
could be subjected to electrophoretic analysis. Essentially the procedure 
consisted of homogenization of the tissue with salt solutions at a neutral 
or slightly alkaline pH and high speed centrifugation to remove the insolu- 
ble material, all operations being carried out in a cold room at 4°. 

As a source of ‘‘normal’”? human lymphoid tissue we have used the tonsil, 
which is available in quantity and offers a means of carrying out a compara- 
tive study of human pathological tissue. 

Neoplastic lymphoid tissue obtained at autopsy has been of primary 
interest and several such tissues have been examined, but not in sufficient 
numbers as yet to allow definite conclusions to be drawn as to significant 
differences. 

Electrophoretic analysis of the tissue proteins permits a direct approach 
to the problem of the relation between these proteins and those of the 
blood plasma. ‘The studies of White and Dougherty (5), using this tech- 
nique, indicated that the lymphocyte might be the source of y-globulin 
(antibody globulin), the latter being released from the cell after its dissolu- 

* Aided in part by a grant from the Wisconsin Alumni Research Foundation and 


in part by a grant from the United States Public Health Service (to Dr. O. O. 
Meyer, Department of Medicine). 
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tion under the influence of the adrenal-pituitary hormonal system. Since 
extracts of human lymphoid tissue and calf thymus appear to contain little 
or no y-globulin, as evidenced by the electrophoretic patterns and frac- 
tionation studies, the rdle of the lymphocyte as the principal source of 
plasma y-globulins would appear to be doubtful. 


Methods 


Electrophoresis was carried out in the Tiselius apparatus as modified by 
Longsworth (8). All runs were made in veronal buffer (after dialysis to 
equilibrium), 0.1 ionic strength, pH 8.60, at 1.0°. Mobilities were cal- 
culated from the distance from the starting position to the maximum ordi- 
nate of each peak in the electrophoretic diagram. The areas were deter- 
mined from tracings of the enlarged pattern, and the same specific refrac- 
tive increment was assumed for each component. For the purpose of 
measuring the relative concentrations of the components, the electro- 
phoretic diagram was divided by means of dropping a perpendicular line 
from a readily observable separation to the base-line, as suggested by 
Tiselius and Kabat (9). Calculations of mobility and relative concentra- 
tion were made only from patterns of the descending limb. A tungsten 
lamp light source used in conjunction with filters proved very useful in 
obtaining patterns of strongly opalescent solutions. The voltage gradients 
and times of electrophoresis are indicated in Figs. 1 to 3. 

Total nitrogen was determined by the micro-Kjeldahl method. Total 
phosphorus was determined by the method of King (10). The Mejbaum 
procedure as modified by Schneider (11) was used for the determination of 
ribonucleic acid.!. The presence of desoxyribonucleic! acid was tested in 
hot trichloroacetic acid extracts by the Dische diphenylamine reaction as 
described by Seibert et al. (12). Total cholesterol was determined colori- 
metrically by the Liebermann-Burchard reaction after extraction of the dry 
protein fractions with hot alcohol-ether (3:1). Lipide phosphorus was 
determined on an aliquot of the hot alcohol-ether extract. 


EXPERIMENTAL 
Human Lymphoid Tissue (Tonsil) 


Tonsil tissue obtained as soon as possible from the operating room was 
cut into thin slices with a razor blade and washed by repeated suspension 
in 0.14 Mm NaCl solution and centrifugation in order to remove as much as 


1 Actually ribose is determined and assumed to be derived from ribonucleic acid. 
Ribonucleic acid (Schwarz), whose purity was determined from its phosphorus con- 
tent, was used as a standard. Likewise, purified desoxyribonucleic acid of known 
phosphorus content was used as a standard. 
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possible of contaminating extracellular fluids (blood, lymph, ete.). The 
washed tissue was then stored in a deep freeze unit at —30° for pooling if 
large amounts were required for fractionation studies. If the individual 
tonsil was to be studied, it was immediately homogenized in a Waring 
blendor®? and centrifuged. An individual tonsil pair from a young adult 
weighs approximately 10 gm. Homogenization (3 to 5 minutes) with twice 
its weight of salt solution vielded more than sufficient clear supernatant 
fluid for electrophoretic analysis in the conventional Tiselius cell. These 
extracts contained approximately 2 per cent protein. The centrifugation 
was carried out in a Sorvall angle centrifuge, model SS-1, for 2 hours at 
approximately 15,000¢. 

Two types of extracts may be differentiated: (a) one in which the extract- 
ing medium is a dilute salt solution, approximately 0.14 m (this extract 
contains no significant amount of desoxyribonucleic acid); (b) one in which 


TaBie I 
Percentage Distribution of Nitrogen and Phosphorus in Extracts and Residues of Human 
Tonsil and Calf Thymus (Extracted with 0.14 4“ NaCl Solution) 


Soluble 
Insoluble 
Non-dialyzable Dialyzable 
Tonsil Nitrogen 50 39 11 
Phosphorus 61 14 25 
Calf thymus Nitrogen 51 37 12 
Phosphorus 62 8.2 30 


the extracting medium is high in salt concentration, vz. 10 per cent NaCl 
(this extract contains large quantities of desoxyribonucleic acid). 

Extraction with Dilute Salt Solutions—The per cent distribution of nitro- 
gen and phosphorus among the insoluble, soluble non-dialyzable, and 
soluble dialyzable fractions of the tissue is shown in Table I. These figures 
were obtained by taking aliquots from the whole tissue homogenate, from 
the supernatant after high speed centrifugation, and from the supernatant 
after dialysis. The absence of desoxyribonucleic acid in any significant 
amount from this extract indicates that its contents are derived, for the 
most part, from the cytoplasm of the tissue cells. Mirsky and Pollister 
have described similar findings for calf thymus (13). 

An electrophoretic pattern typical of these tonsil extracts is shown in 
Fig. 1,aandb. The mobilities and the relative percentage composition of 
components obtained from the analysis of a large number of individual 
tonsils are shown in Table II. The numbers over each electrophoretic 


* Microscopic examination showed only a few cells to be left intact. 
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pattern designate components or groups of components whose mobilities 
are listed under the corresponding numbers in Table I]. None of the quali- 

















ASCENDING DESGENDING 


Fic. 1. Electrophoretic patterns of the whole extract of human tonsil. a, ex- 
tracted with 0.07 m KHCO;-0.07 m KCI solution, pH 8.0; electrophoresis for 80 min- 
utes at 5.8 volts per em. b, same as a but electrophoresis for 150 minutes at 5.8 
volts per cm. c, extracted with 10 per cent NaCl solution; electrophoresis for 126 
minutes at 5.8 volts per em. 


TaBLe II 
Mobility and Relative Percentage Composition of Electrophoretic Components in 
Extracts* of Human Lymphoid Tissue (Tonsil) t 


Compo- Compo- Compo Compo- Compo- Compo Compo 1 
nent 1 nent 2 nent 3 nent 4 nent 5 nent 6 nent 7 

| 
Mobilityt 2.09; 3.54) 4.79, 5.64) 6.89) 9.1 11.9 
+0.26 | 40.26 +0.32  +0.34 | +0.34  +0.3 +0.6 
Relative %  com- 5.88 | 27.2 48.0 + 9.5 13.2 6.0 3.6 
position +2.1 | +5.7 +1.8 +1.8 +1.0 


* Extracting medium, physiological salt solution. [ 

+t The standard deviation of fifteen determinations is given. 

t 10° sq. em. per volt per second in veronal buffer, pH 8.6, 0.1 ionic strength. 
All components migrate toward the anode. 


tative features of the electrophoretic pattern was altered by variation of 
the type of salt and the pH used for extraction, provided the salt con- 
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centration was close to 0.14._M. Thus the same pattern was obtained with 
the following as extracting agents: 0.14 m NaCl, unbuffered, final pH of 
extract, 6.8; 0.14 m NaCl-0.02 m potassium phosphate, pH 7.0; 0.07 m 
KCI-0.07 mM KHCO;, pH 8.0; Na veronal, 0.12 mM, pH 8.6. The KCl- 
KHCO; extracting medium is probably most advantageous, since its 
higher alkalinity not only insures greater solubility of the tissue proteins, 
but also permits analysis of different phosphate fractions. In addition, the 
high pH inhibits the catheptic enzymes as pointed out by Greenstein (14). 
However, because of the loss of CO: the pH of this system usually rises 
from an initial value of approximately 8.0 to 8.2 to 8.3. 

Extraction of Tonsil with 10 Per Cent NaCl Solution—In contrast to the 
behavior of the tissue when dilute salt solution is used for extraction, 10 
per cent NaCl causes large amounts of desoxyribonucleic acid to be brought 
into solution (15). Correspondingly, a large amount of a fast component 
(component NP in Fig. 1, ¢) appears in the electrophoretic pattern, super- 
imposed on the other slower components which are apparently the same 
cytoplasmic proteins observed previously. The pattern is shown in Fig. 
1, c. The fast component (desoxyribonucleoprotein) has a mobility of 
—11.8 sq. em. per volt per second. It probably corresponds to the calf 
thymus nucleohistone characterized by Hall (16). It seems important to 
point out, however, that this fast component does not precipitate on being 
brought back to dilute salt concentration (dialysis against veronal buffer, 
(0.1 ionic strength, pH 8.6). It will be recalled that direct extraction of the 
tissue with 0.1 ionic strength veronal does not cause this component to 
appear in the electrophoretic pattern. It may be inferred, therefore, that 
treatment with 10 per cent NaCl solution has altered, irreversibly, the 
native state of the desoxyribonucleoprotein from the point of view of its 
solubility. One should not, however, exclude the possibility that the 
alteration was brought about by the action of a depolymerase acting during 
the period in which the substrate was in solution. 


Calf Thymus 


Extracts of fresh calf thymus were prepared in the same manner as 
described for tonsil, with 0.07 Mm KCI-0.07 m KHCO, solution. The per- 
centage distribution of nitrogen and phosphorus in the insoluble matter, 
the soluble non-dialyzable fraction, and the soluble dialyzable fraction are 
shown in Table I. A typical electrophoretic pattern and analysis are shown 
in Fig. 2, a and Table III respectively. 


Fractionation of Tonsil and Calf. Thymus Extracts 


From extracts of pooled tonsil and fresh calf thymus, ammonium sulfate 
fractions were obtained at 30 per cent saturation (4°), 30 to 55 per cent 
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ASCENDING DESCENDING 
Fic. 2. Electrophoretic patterns of calf thymus fractions. The method of prepa 
ration is as described in the text. a, whole extract, electrophoresis for 150 minutes 
at 5.8 volts per em.; 6, Fraction 30P, electrophoresis for 180 minutes at 5.9 volts 
per em.;c, Fraction 55P, electrophoresis for 180 minutes at 5.8 volts per em.; d, Frac 
tion 100P, electrophoresis for 170 minutes at 5.8 volts per em. 


TaBie III 
Electrophoretic Analysis of Calf Thymus Extract and (NH4)oSO, Fractions 


ment 6 


Fraction No. ee Component 2 Component 3 : : g 
Whole Mobility* 2.1 3.6 4.9 5.9| 7.0) 8.1) 9.5 
extract % composition 6.5 18 38 20 8.8) 5.0) 2.6 
30P Mobility 4.7 
% composition 100 (ca.) 
55P Mobility 16,2:3 | 3:0,3.7 5.1 6.4 7.4 9.0 
% composition 3.7,6.1 | 9.9 57 14 8.2) 2.0 
100P Mobility 1.5 2.4,3-2,3.8 7.1) 8.2) 9.6 
% composition 14 9,14, 12 AO) sal 6. 


* 10° cm. sq. per volt per second, in veronal buffer, pH 8.6, 0.1 ionie strength. All 
components migrate toward the anode. 


saturation, and 55 to 100 per cent saturation. The salt was added by 


immersing a cellophane bag containing the extract into the appropriate 
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concentration of salt and allowing diffusion to equilibrium to take place. 
The pH was maintained close to neutrality by the addition of NH,OH. 
The precipitate formed at 30 per cent saturation (Fraction 30P) was re- 
moved by centrifugation and washed free of contaminating supernatant, 
with the outside equilibrium dialysis fluid as the wash medium. The 
supernatant was then reimmersed and brought to equilibrium with 55 per 
cent saturated ammonium sulfate, whereupon the precipitate which formed 
was separated (Fraction 55P) and washed with the outside fluid. The 
same process was repeated to obtain the fraction precipitating between 55 


é | 34 














ASCENDING DESCENDING © 


Fic. 3. Electrophoretic patterns of human tonsil fractions. The method of prepa- 
ration is as described in the text. a, Fraction 30P, electrophoresis for 182 minutes 
at 5.7 volts per em.; b, Fraction 55P, electrophoresis for 104 minutes at 5.7 volts 
per em.; c, Fraction 100P, electrophoresis for 150 minutes at 6.1 volts per em. 


and 100 per cent saturation of salt (Fraction 100P). Only the fraction 
obtained at 30 per cent saturation failed to dissolve completely in the 
KCI-KHCO, solution. Thus a fourth insoluble fraction was obtained 
(Fraction 30P-Ins). Of the total protein in the extracts, Fraction 30P 
represents approximately 50 per cent, Fraction 55P, 15 per cent, and Frac- 
tion 100P, 10 per cent. 

The electrophoretic patterns and analyses for each soluble fraction are 
shown in Fig. 2, b, c, and d and Table III for calf thymus, and Fig. 3, a, 
b, and cand Table IV for human tonsil. 


Chemical Properties of Soluble “Cytoplasmic” Proteins 


The soluble ‘“‘cytoplasmic”’ proteins are associated with small amounts 
of phosphorus, most of which is in the form of phospholipide and ribonucleic 
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acid. Significant quantities of cholesterol are also present. An analysis 
of the protein fractions previously mentioned is given in Table V. These 
fractions contain no significant quantity of desoxyribonucleic acid! |; 
will be noted that the thymus Fraction 30P-Ins, the portion of the precipi- 


TABLE IV 
Electrophoretic Data on (NH4).SO,4 Fractions of Human Tonsil Extracts 


Com Com Com Com 


— Component 1 Component 2 Component 3 ponent |ponent ponent ponent 
2 2 ; 
30P Mobility* 1.8 4.7 5.0 
% composition 3 83 9 
Sor Mobility 22 3.5 1.5, 4.8 5.5 6.8) 7.9 |11,3 
“ composition 9.1 37 19 13 12.5) 7.0 | 2.4 
100P Mobility LAS 24 2.7, 3.4 5.9 6.8) 9.3 110 
% composition 2.7, 0:0 | 6.4, 23 2.3°| 32 28 


* 10° sq. em. per volt per second, in veronal buffer, pH 8.6, 0.1 ionie strength. All 
components migrate toward the anode. 
TABLE V 
Chemical Analysis of Fractions* from Human Tonsil and Calf Thymus Extracts 
The results are expressed in per cent. 


Fraction No. Nitrogen Phosphorus oholiprdet PEL ood ae lei 
Tonsil 30P 13.2 0.44 1.6 
55P ict 0.26 Lia 
100P 14.1 0.40 Zi 
Calf thymus 30P 13.9 0.55 3.6 1.4 2.3 
55P 14.0 0.50 3.8 2:2 1.0 
100P 14.9 0.21 1.0 0.3 0.6 
30P-Ins 10.9 1-10 Eo 1.5 3.3 


* Dried by lyophilization and redried at 105° for 2 hours previous to weighing. 

+ Calculated from alcohol-ether-soluble phosphorus multiplied by 25. Phos 
pholipide and cholesterol were not determined quantitatively in tonsil fractions, 
but qualitative tests show their presence. 
tate obtained at 30 per cent saturation of ( NH4)oSO,4 which does not redis- 
solve, contains a large amount (11 per cent) of phospholipide. 


RESULTS AND DISCUSSION 


The complexity of the mixture in the whole extract is apparent from an 


3 Mirsky and Pollister (13) have pointed out that autolysis causes the appearance 
of desoxyribonucleic acid in physiological saline extracts of calf thymus. We have 


found this to be true for tonsil tissue. Indeed, electrophoretic analysis of a parti 
ally autolyzed tonsil (after standing 10 days at 0°), extracted with 0.14 mM NaCl, 
shows a large fast component and gives a very strong reaction with diphenylamine 
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examination of the electrophoretic pattern. Nevertheless, definite groups 
of proteins can be realized and defined by their mobilities. The reproduci- 
bility of the patterns of tonsil extracts from a large number of ‘“uncon- 
trolled’? human subjects would indicate that the observed electrochemical 
protein distribution is inherently characteristic of the cells (predominantly 
lymphocytes) which make up the tissue. It would seem worth while, 
therefore, to use such patterns as a base-line for the study of human patho- 
logical lymphoid tissue, and such a study is in progress. 

In the region of the electrophoretic pattern where one would expect to find 
a component corresponding to plasma y-globulin (antibody globulin), 
one observes only a very small non-definitive refractive index gradient 
(Fig. 1,a and 6). Furthermore, the pattern for the fraction precipitating 
at 30 per cent saturation of ammonium sulfate shows no evidence of a 
plasma y-globulin component, Fig. 2, b and Fig. 3,a. Inasmuch as plasma 
y-globulin is almost completely precipitated‘ by 35 per cent saturated 
ammonium sulfate (17, 18), it can be inferred that, if this component is 
present at all, the amount is too small to be detected by this technique. 
It will also be noted that the components of slow mobility tend to become 
concentrated in Fraction 100P (Fig. 2,d, Fig. 3,c and Tables III and IV). 
This behavior would not be expected of plasma y-globulin. 

Component 5 (Tables III and IV) has both the mobility and solubility 
properties of plasma albumin. It is possible that this “albumin” com- 
ponent is present as a contaminant from plasma and lymph, appearing 
despite repeated washing of the sliced tissue before the cells are broken. 
On the other hand, the possibility is not excluded that this component is a 
true intracellular albumin, or even identical with plasma albumin, and in 
equilibrium with the albumin of the lymph fluid which bathes the cells. 

A small quantity of contaminating hemoglobin becomes concentrated in 
Fraction 100P (Fig. 2, d, Fig. 3, c) and appears with a component of mo- 
bility of —3.4 sq. cm. per volt per second. 

Chemical analysis shows that small amounts of ribonucleic acid are 
present. By means of an electrophoretic separation experiment, the fast 
component of mobility of —12 sq. em. per volt per second can be shown 
to be ribonucleic acid, migrating free of protein. One cannot say whether 
ribonucleic acid actually exists as a free entity in the cell or appears as a 
result of decomposition of the nucleoprotein complexes (mitochondria, 
microsomes) in the preparative process. 

The bulk of the intracellular soluble protein falls into a narrow mobility 
range and the components do not readily resolve. Even though Fraction 
30P of both calf thymus and tonsil shows only one principal peak (Fig. 2, 
b, Fig. 3, a), its inhomogeneity is evident from the spreading effect with 


‘It has been observed in this laboratory that the y-globulin of human serum 
diluted 1:40 is 50 per cent precipitated by 30 per cent saturated ammonium sulfate. 
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increased time of electrophoresis. Fractions 55P and 100P are obviously 
made up of many electrochemical entities. 

The system we are dealing with from the electrophoretic standpoint 
seems to be as complex as the blood plasma, if not more so. The fraction- 
ation scheme was devised, not for the purpose of isolating any given com- 
ponent, but to gain information concerning the over-all properties of the 
intracellular proteins in the hope that a rational basis might be provided 
for a systematic separation of these proteins. The comparison of both the 
solubility and electrophoretic properties of the tissue protein and serum 
proteins has provided some basis for studying the relationship between 
tissue and plasma proteins. In addition to the relationship already 
discussed (y-globulin, albumin), it can be seen from an examination of 
Tables III and IV that Fraction 55P of both tonsil and calf thymus con- 
tains proteins with roughly the same solubility and mobility® as the serum 
a- and £-globulins and, in addition, contains a considerable amount. of 
cholesterol and phospholipide (Table V). These are also properties of the 
plasma a- and 8-globulins (19). If one neglects the possibility of a fortui- 
tous correspondence in properties, it would seem reasonable to suggest that 
plasma a- and 6-globulins (but not the y-globulins) may be derived in part 
from lymphoid tissue. 


The authors wish to express their thanks to Professor O. O. Meyer, 
Department of Medicine, for his cooperation and interest in this investiga- 
tion. 


SUMMARY 


1. The cytoplasmic proteins extracted from human lymphoid and calf 
thymus tissue have been examined electrophoretically. Conditions for 
realizing reproducible patterns have been established. 

2. Extracts of human lymphoid tissue and calf thymus have been frac- 
tionated by means of (NH,4).SO, and the fractions characterized elec- 
trophoretically and in part by chemical analysis. 

3. A comparison has been made of the mobilities, solubilities, and chem- 
ical properties of the proteins of plasma and lymphoid tissue extracts. 
The possible interrelationship of these proteins has been discussed. 
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responsible for the opalescence of the tissue extracts, while the 8-globulin of serum, 
mobility of —2.9 K 107° sq. em. per volt per second, is the opalescent component 
in serum. 
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GROWTH-PROMOTING ACTIVITIES OF GUANINE, GUANOSINE, 
GUANYLIC ACID, AND XANTHINE FOR A PURINE- 
DEFICIENT STRAIN OF NEUROSPORA* 
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Biological assays of ribonucleic acid hydrolysates for adenine with the 
adenine-deficient Neurospora mutant No. 28610 have given higher values 
(1, 2) than those found by other methods. It has also been shown that of 
the known purine and pyrimidine compounds only adenine and hypoxan- 
thine, when added as the sole supplement to an otherwise adequate me- 
dium, promoted growth of the mold (1). Two possible explanations for 
these apparent discrepancies have suggested themselves; namely, (a) that 
adenine or some other compound with growth-promoting activity was 
present in ribonucleic acid in a form not determined by the usual methods 
of analysis or (b) that one or more of the other purine or pyrimidine com- 
ponents could be utilized for growth in the presence of adenine. Experi- 
ments with an equimolar mixture of the four ribonucleotide components 
of ribonucleic acid showed a growth-promoting activity about twice that 
expected from the adenine present. Further experiments with pairs of the 
four nucleotides before and after hydrolysis showed that the increased 
growth activity was restricted to the mixture of guanylic acid and adenylic 
acid and to their hydrolytic products. A systematic study of the effect of 
guanine, guanosine, guanylic acid, and xanthine on growth of the mold in 
the presence of adenine, of xanthine and guanine when added in addition 
to hypoxanthine, and of guanosine in the presence of adenosine was un- 
dertaken. ‘The results of these experiments are presented in this paper. 


EXPERIMENTAL 


Methods—The supplementary effect of guanine and its derivatives on the 
growth of Neurospora mutant 28610 was determined by growing the mold 
in a basal medium containing constant amounts of adenine, adenosine, or 
hypoxanthine, each of which directly supports growth of this mutant, and 
adding varying amounts of the substances being tested. The amount of 
growth was measured by the average dry weight of mycelium produced 
after 72 hours at 25° in triplicate experiments. The composition of the 


* Aided by a grant from the Rockefeller Foundation. 
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basal medium and the method of maintaining the cultures and harvesting 
the mycelium have been described previously (1, 3). 

Growth Curves of Mutant Strain 28610 on Adenine, Adenosine, and 
Hypoxanthine—The growth curves previously described for this mutant 
were based on an incubation period of 84 hours (1). In the present experi- 
ments a period of 72 hours was used. This gave reproducible results and 
avoided the larger amounts of conidia which are produced by this mutant 
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Fic. 1. Growth curves for Neurospora mutant 28610 on adenine (O), hypoxan- 
thine (O), and adenosine (@), in 25 ml. of basal medium for anincubation period of 
72 hours. 


after the longer period of growth. Since growth curves under these condi- 
tions have not been published before, they are presented for adenine, adeno- 
sine, and hypoxanthine in Fig. 1. Portions of a standard solution of each 
compound were added to 25 ml. of basal medium and the growth at each 
concentration was determined. As shown in Fig. 1, the growth responses 
to adenine and hypoxanthine were essentially the same. Adenosine” was 
utilized equally efficiently when compared on a molar basis. 
Supplementary Growth Effect of Guanine, Guanosine, and Guanylic Acid 
in Presence of Adenine—The supplementary effect of guanine on the growth 








ting 


and 
tant 
er i- 
and 
tant 


yOxan- 
iod of 


-ondi- 

deno- 

"each 

; each 

yonses 
~ 

e was 


- Acid 
rowth 


ee 





J. L. FAIRLEY, JR., AND H. S. LORING 453 


of the mold in the presence of adenine was determined by adding varying 
amounts of guanine to a series of flasks containing 25 ml. of basal medium 
and 0.1 mg. of adenine. The molar ratios of guanine to adenine used were 
0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0. The weights of mycelium found 
for the different ratios, their corresponding values expressed as mg. of 
adenine as given by the adenine growth curve, and the ratios of the adenine 
values found to the amount of adenine used are summarized in Table I. 

Within the limits of accuracy of the method those flasks in which the 
ratio of guanine to adenine ranged from 0.25 to 1.0 gave the same weight of 
mycelium in each case as would have been obtained by the addition of 
adenine itself in an equivalent amount. Thus as long as an equimolar 
ratio of guanine to adenine was not exceeded, the growth produced by mix- 


TABLE I 


Growth-Promoting Activity of Guanine in Presence of 0.1 Mg. of Adenine per 26 ML. of 
Basal Medium 





Guanine added Mola; rato, guanine Declan” Grom activity ge activity a adenine t 
mg. mg. mg. 

0 0 11.2 0.099 0.99 
0.028 0.25 13.5 0.125 1.25 
0.056 0.50 15.2 0.143 1.43 
0.084 0.75 18.5 0.178 1.78 
0.112 1.00 19.6 0.192 1.92 
0.168 1.50 20.3 0.200 2.00 
0.224 2.00 20.3 0.200 2.00 
0.280 2.50 24.3 0.257 2.57 
0.336 3.00 24.4 


0.257 2.57 


| 


tures was proportional to the total equivalents of purine, regardless of the 
actual proportion of the two compounds present. In the flasks containing 
ratios of guanine to adenine of 1.5 and 2.0, the growth was the same as 
that found for an equimolar ratio. Thus over the range from 1.0 to 2.0 
equivalents of guanine, a plateau of growth was obtained at a level corre- 
sponding to approximately twice the amount of adenine actually present. 
2.5 and 3.0 equivalents of guanine gave a further increase in the weight of 
mycelium produced, resulting in a second plateau at a level equivalent to 
about 2.6 times the adenine used. 

The results described above for mixtures of adenine and guanine differ 
quantitatively from those described in a preliminary report (4) in that the 
plateau of growth was reached at a higher level and at a higher guanine to 
adenine ratio. The error in the previous results was later found to be due 
to the use of a basal medium containing less than an optimum amount of 
biotin. 
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The effect of guanosine and guanylic acid upon growth in the presence of 
adenine was determined as in the experiments just mentioned. The 
amount of adenine in each flask and the molar ratios of supplement. to 
adenine were the same as those previously used for guanine. The results, 
which are shown in Table II, were similar to those found with mixtures of 
adenine and guanine. The increased growth, expressed as mg. of adenine, 
was directly proportional to the equivalents of supplement used over the 
range from 0.25 to 1.0 mole of guanosine or guanylic acid per mole of 
adenine. When the ratio of either compound to adenine was increased 
from 1 to 3 moles, no further stimulation of mycelial growth took place. 
‘Thus with guanosine and guanylic acid a plateau of growth similar to that 


TABLE I] 
Growth-Promoting Activity of Guanosine and Guanylic Acid in Presence of 0.1 Mg. of 
Adenine per 25 Ml. of Basal Medium 
Guanosine | Guanylic acid 


Molar ratio, 


rao “a Dry weight pen ve activity as Dry weight pe ow “activity as 
ofmycelium | expressed as peda of mycelium | expressed as —— 
adenine present | | adenine | present. 
mg. mg. mg. | mg. 

0 11.3 0.100 1.00 11.2 | 0.099 | 0.99 
0.25 jb ke g 0.128 1.28 13.6 0.125 | 1.25 
0.50 15.4 0.151 | 1.51 15.9 0.150 1.50 
0.75 17.4 O26: |. Aes 17.5 0.168 1.68 
1.0 18.8 0.195 | 1.95 19.6 0.192 1.92 
1.5 18.1 0.185 1.85 20.4 0.202 2.02 
2.0 18.6 0.192 1.92 19.7 0.193 1.93 
2.5 18.5 0.191 1.91 19.5 0.191 1.91 
0.196 1.96 20.1 0.199 1.99 


3.0 18.9 


observed with adenine and guanine was also found. The total stimulation 
of growth in this case, however, did not exceed twice the value found for 
growth on adenine alone. 

Supplementary Growth Effect of Guanosine in Presence of Adenosine 
In the experiments with adenosine and guanosine, 0.15 mg. of adenosine was 
added to each 25 ml. of basal medium to provide about the same amount of 
mold growth as that obtained in the previous experiment with 0.1 mg. of 
adenine. Amounts of guanosine were then added to each flask to give 
molar ratios of 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0 to the adenosine 
present. Increased growth above that expected from the 0.15 mg. of 
adenosine was obtained with all concentrations of guanosine used. As in 
the previous experiments with adenine, molar ratios of guanosine to 
adenosine of 1.0 or less gave increased growth which, in terms of adenosine, 
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was directly proportional to the amount of guanosine added. As the 
amount of guanosine was increased above the equimolar ratio, a gradual 
increase in growth resulted until a plateau was reached over the range from 
2 to 3 equivalents of guanosine. The amount of growth found with the 
latter ratios corresponded to about 2.5 times the value for the adenosine 
present. 

Supplementary Growth Effect of Xanthine on Adenine—Amounts of 
xanthine were added to 0.1 mg. of adenine in 25 ml. of basal medium to give 
molar ratios over the range from 0.25 to 3.0 moles of xanthine per mole of 
adenine. ‘The results, which are given in Table III, show that within 
experimental error the same amount of growth was obtained in all cases, 


TaBie III 


Growth-Promoting Activity of Xanthine in Presence of 0.1 Mg. of Adenine or 0.1 Mg. 
of Hypoxanthine 





Adenine + xanthine ; Hypoxanthine + xanthine 
mathe to . Growth —<— = 4 | . Growth _ _ 
byponanthine) | cfiayceiam | ScHvity as | adenine to | cfimyeeium | ,2ctvity as | hypoxanthine 
present | | thine present 
mg. mg. | mg. mg. 
0 11.3 0.100 1.00 + 186 | 0.103 1.03 
0.25 | 13.7 0.127 1.27 |... 2 0.123 1.23 
0.50 14.5 0.135 1.35 | 16.3 0.155 1.55 
1.00 13.3 0.122 1.22 | 16.5 0.157 1.57 
1.50 13.8 0.128 1.28 16.1 0.152 1.52 
2.00 13.2 0.121 1.21 16.3 0.155 1.55 
2.50 13.6 0.126 1.26 15.9 0.150 1.50 
3.00 13.5 0.125 1.25 14.3 0.132 1.32 


| 


an amount equivalent to about 1.25 times that expected from the adenine 
alone, 

Supplementary Growth Effect of Xanthine in Presence of Hypoxanthine 
To determine the supplementary effect of xanthine when the mold was 
provided with hypoxanthine, experiments similar to those described pre- 
viously were performed. Amounts of xanthine ranging from 0.25 to 3.0 
moles were added to 25 ml. of basal medium containing 0.1 mg. of hypo- 
xanthine, and the growth-promoting ability of these solutions determined. 
The addition of xanthine to hypoxanthine, as in the case of the adenine 
experiments, resulted in further stimulation of growth. A surprising dif- 
ference was found, however, in that xanthine was better utilized for growth 
in the presence of hypoxanthine than in the experiments with adenine. 
Over the range from 0.25 to 0.50 mole of xanthine per mole of hypoxan- 
thine, as shown in Table III, the increase in the weight of mycelium was 
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proportional to the amount of xanthine added. As the ratio of xanthine 
to hypoxanthine was increased beyond 0.5, no further increase in growth 




















: : Pages 1 
resulted and the maximum value corresponding to about 1.5 times the re- 
sponse to hypoxanthine alone remained relatively constant up to 3 moles 
of xanthine per mole of hypoxanthine. As mentioned above, the maxi- 
mum growth reached in the experiments in which adenine was supple- 
mented with xanthine was 1.25 times that of adenine alone. It is evident. 
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therefore, that xanthine is more available for growth when added to hy t 
poxanthine than to adenine. gn 


Supplementary Growth and Inhibitory Effects of Guanine on Hypoxanw | yy 
thine—Experiments similar to those already mentioned were performed with 
mixtures of guanine and hypoxanthine. The amount of hypoxanthine used “ 
in each flask was 0.1 mg. and the amount of guanine ranged from 0.25 to 24 gl 
moles of guanine per mole of hypoxanthine. The results are shown graphi- a 
cally in Fig. 2, in which the weights of mycelium obtained were plotted w 
against the molar ratios of guanine to hypoxanthine used. Increasing | gp 
amounts of growth were obtained with low concentrations of guanine, xa 
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reaching a maximum of about 1.6 times the value for hypoxanthine alone, 
when the ratio of guanine to hypoxanthine was 0.75. When the ratio was 
increased beyond 1, definite inhibition resulted. Complete inhibition was 
not found even with a ratio as high as 24:1. Once the inhibiting level was 
reached, as shown in Fig. 2, the amount of growth was roughly inversely 
proportional to the guanine-hypoxanthine ratio. 


DISCUSSION 


Since the Neurospora mutant 28610 fails to grow on a basal medium 
supplemented with guanine but grows at a normal rate in the presence of 
moderate amounts of adenine, it was originally assumed that the failure of 
growth was due to an adenine deficiency, and that guanine was probably 
synthesized by an independent pathway. The present finding that better 
growth is obtained when guanine is supplied in addition to adenine pro- 
vides evidence that this mold is also deficient in the ability to synthesize 
guanine from simple constituents. When growth is obtained on adenine 
alone, it now seems probable that the latter is in part converted to gua- 
nine and that guanine biosynthesis in this strain of Neurospora is analogous 
to that reported by Brown, Roll, and Plentl for the white rat (5). In the 
experiments reported by the latter workers guanine containing labeled ni- 
trogen as well as labeled adenine was recovered from the nucleic acid frac- 
tions isolated after the feeding of labeled adenine. In agreement with the 
earlier findings of Plentl and Schoenheimer (6), labeled guanine, however, 
was not converted to adenine and in fact was not utilized for nucleic acid 
synthesis. It appears that in both this strain of Neurospora and in the rat 
adenine may be converted irreversibly to guanine, but that only in the former 
case is guanine utilized for nucleic acid synthesis. It should be emphasized, 
however, that the utilization of guanine for growth in the present experi- 
ments does not constitute proof of its incorporation into the structure of 
mold nucleic acid. In connection with the latter question, it is of interest 
that the amount of growth in the presence of a constant concentration of 
adenine reached a relatively constant value when the ratio of guanine 
to adenine, either in the free or combined form, was 1. However, better 
growth resulted in the guanine-adenine and in the guanosine-adenosine 
mixtures when twice as much guanine as adenine was used. 

The increased growth produced by the addition of xanthine to adenine 
and to hypoxanthine is readily explained by reconversion of xanthine to 
guanine or to hypoxanthine by the mold. ‘The equilibrium for the guanine- 
xanthine reaction does not appear to have been studied quantitatively, but 
such an equilibrium is known in the case of the hypoxanthine-xanthine-uric 
acid reaction with xanthine oxidase from milk (7). The poor utilization of 
xanthine for growth compared to guanine indicates that it may be more 
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subject to degradative reactions. The difference in growth stimulation 
found when xanthine was added to adenine, as compared to hypoxanthine, 
suggests that xanthine may inhibit adenine utilization or conversion to 
guanine or hypoxanthine. 

The inhibition of hypoxanthine utilization by guanine after stimulation 
of growth at lower guanine levels seems to involve the amination of hypo- 
xanthine to adenine, for this is the only additional reaction necessary when 
the mold grows on hypoxanthine in the presence of guanine. The evidence 
that this inhibition is a function of the guanine-hypoxanthine ratio sug- 
gests the possibility of competition for an enzyme system by these structur- 
ally related compounds. Similar blocking of essential reactions has been 
shown for other components of nucleic acids in the case of the inhibition 
of growth of the pyrimidine-deficient Neurospora mutant 1298 by adenosine 
or adenosine-3-phosphate (8). The combined results strengthen the sug- 
gestion that a mobile equilibrium between the components of the nucleic 
acids may function in the control of growth in other organisms as well. 

It should be noted that Neurospora mutant 28610 can still be used in the 
bioassay of nucleic acids for adenine. As xanthine and hypoxanthine 
probably exist in nucleic acid hydrolysates in small amounts, if at all, 
growth in such cases is dependent only on the adenine and guanine present. 
By means of an independent method of analysis for guanine, such as is 
provided by the use of the phenol reagent (9), the adenine values may be 
obtained as the difference between the adenine plus guanine value given 
by the mold and the guanine value found colorimetrically, provided the 
ratio of guanine to adenine is | or less. For ratios of from 1 to 2 moles of 
guanine per mole of adenine, the adenine value is one-half the total given 
directly by the mold. The method to be used in a particular case can easily 
be determined by comparison of the independent value for guanine (con- 
verted to adenine equivalents) with the value for both purines as given by 
assay when the standard curve based on adenine is used. 


SUMMARY 


At molar ratios to adenine of 1 or less, guanine, guanosine, and guanylic 
acid were utilized as efficiently for the growth of Neurospora mutant 28610 
as were equivalent amounts of adenine. No significant increase in the 
amount of growth was found with higher molar ratios than 1 in the case of 
guanosine and guanylic acid, but when 2.5 times as much guanine as ade- 
nine were present, the mycelial weight corresponded to about 2.5 times 
the adenine value. (Guanosine in the presence of adenosine gave results 
essentially similar to those found with guanine and adenine. 

Xanthine in a ratio to adenine of 0.25 and to hypoxanthine of 0.5 gave 
the same increases in growth as would have been obtained by equivalent 
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amounts of adenine or of hypoxanthine. ‘he maximum effect in the 
former case corresponded to about 1.25 times the adenine value and in 
the latter to about 1.5 times that for hypoxanthine alone. 

Guanine was nearly as efficiently utilized in the presence of hypoxanthine 
as With adenine when the guanine-hypoxanthine ratio was 0.7 or less. As 
the ratio was increased to 1, however, a decrease in growth response oc- 
curred, and at ratios higher than 1.3 growth was strikingly inhibited. 

Possible explanations for some of the observed effects are discussed. It 
is suggested that this strain of Neurospora is deficient in the ability to 
synthesize guanine as well as adenine from simple constituents and that, 
when growth takes place in the absence of guanine, adenine is in part con- 
verted to guanine for nucleic acid synthesis. 
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TRYPTOPHAN AND NICOTINIC ACID STUDIES IN MAN* 


By HERBERT P. SARETT anp GRACE A. GOLDSMITH 
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Recent studies have shown that tryptophan is effective in preventing or 
curing nicotinic acid deficiency in the rat (1), chick (2), mouse (3), dog (4), 
pig (5), and rabbit (6). Increased urinary excretion of nicotinic acid or 
N'-methylnicotinamide (N!-Me) after ingestion of tryptophan has been 
demonstrated in the rat (7), cotton rat (8), horse (8), pig (5), dog (4), calf 
(9), and human (10, 11). 

The present experiments extend the observation (10) that the adminis- 
tration of tryptophan to humans is followed by an increased excretion of 
N'-Me. Diets which have been associated with the development of nico- 
tinie acid deficiency in the dog and rat, and of pellagra in man, have usually 
contained corn products, or other sources of protein relatively low in trypto- 
phan. In this study subjects were maintained on corn or wheat diets, 
which were low in total protein and B vitamins and differed mainly in 
tryptophan content. Tryptophan supplements were given at various 
times during the experimental periods. The urines of the subjects were 
analyzed for tryptophan-like compounds, nicotinic acid derivatives, and 
other B vitamins, as well as for nitrogen and creatinine. The effect of the 


supplements of tryptophan on tissue stores of nicotinic acid was also 
studied. 


EXPERIMENTAL 

The subjects, with one exception (a well nourished normal male), were 
ward patients who were found to be free of complicating organic disease, 
as determined by clinical and laboratory examinations. They were trans- 
ferred to a separate metabolism ward where they were permitted to be 
ambulatory. Periodic clinical examinations and blood studies were 
carried out. No significant changes in clinical status, blood count, or con- 
centration of serum proteins were observed during the course of the experi- 
ments. The subjects were closely supervised in regard to complete urine 
collection and strict adherence to the diets which are shown in Table I. 
Variations in food intake, which were necessary in order to adjust the 
caloric intake of some of the subjects, were recorded. The wheat diet 

*This work was aided by grants from the Nutrition Foundation, Inc., the Wil- 


liams-Waterman Fund of the Research Corporation, and the United States Public 
Health Service. 
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provided 248 gm. of unenriched white flour and cream of wheat. When 
the diet contained 190 gm. of unenriched degerminated corn-meal and grits 
and 68 gm. of wheat products, it was designated the corn diet. The cereals 
supplied approximately one-third of the total calories and one-half of the 


TABLE | 


Experimental Diets* 





Wheat diet Corn diet 
. . } 
oe ee Coated | Flour | Comma 

gm. gm. gm. gm. | gm. 

White bread 175 123 | White bread 50 35 | 
Biscuits 125 75 | Corn bread 260 33 | 100 
Cream of wheat 250 50 ~~ Grits 250 | 50 
Corn-meal mush 200 | 40 
etek. 248 68 | 190 
gm 
Corned beef or salt ana ares ae eas arte BAS ys. 30 
Black eyed peas.............. ae el 84 
Turnip or mustard NING Cesc Sc hE; aes avatiate 30 
Other vegetables (onions, beets, carrots, oteion beans). be is chek 250 
NP do ian, oes wal yatnnlng Anim PLY 640k ead obkwd 100 
Canned fruit (pears, peaches, apple sauce, fruit cocktail). 150 
rere rere RTE ead ARO oa : 90 
Marmalade or jelly............. Rie Aan a 25 
Se A Ses SER cer Se rapt gh Be VS 0 ee a 10 
SIN arb 5s ocx selivieslens dwn owe nacs wehbe dig iss ee eee 180 
Coca-cola........ Fade Roarcl eros Spat eek ees 180 


The unenriched white flour was generously provided by ‘Gener al Mills, Inc., 
through the courtesy of Dr. F. C. Hildebrand and Dr. H. S. Faulkner. We are 
indebted to Dr. F. N. Peters of the Quaker Oats Company for the corn products 
used in these diets. 

* The meats, vegetables, and fruits were alternated so that the subject received 
the same total foods in each 2 day period. 


protein. Only 10 per cent of the total protein was of animal origin. ‘The 
average nutrient content (calculated) of the diets is shown in Table II. 
The corn diet provided approximately 150 mg. (30 per cent) less tryptophan 
than did the wheat diet. This is the most marked difference in the nutri- 
tive value of the two diets. After suitable control periods on these diets, 
pL-tryptophan! was added as a supplement. This was administered as a 
suspension in fruit juice with dinner and supper. 

! The pi-tryptophan and the tablets containing the test dose vitamins used in these 


studies were generously supplied by the Winthrop-Stearns Chemical Company, Inc., 
through the courtesy of Mr. Kenneth Smoot. 
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24 hour urines were collected in amber bottles containing 15 ml. of glacial 
acetic acid, stored in the refrigerator, and pooled in 48 hour periods for 
analysis of thiamine, nicotinic acid, N!-Me, riboflavin, 4-pyridoxie acid, 
creatinine, and nitrogen. At the end of the experimental periods, oral test 
doses of 5 mg. each of riboflavin and thiamine and 50 mg. of nicotinamide 
were given to obtain some indication of tissue stores of these vitamins. 

Thiamine was measured by a modification of the thiochrome method with 
a sulfite blank (12). N’-Me and 4-pyridoxic acid (as the lactone) were 
also measured fluorometrically by modifications of the methods of Huff and 
Perlzweig (13, 14). Following the administration of large amounts of 
pL-tryptophan, urinary products were found which interfered with fluoro- 
metric assay of 4-pyridoxic acid (14) and of riboflavin (15). The early 
analyses made by these methods had to be discarded. 








TaBLe II 
Food Values of Experimental Diets (Calculated) 
Corn diet Wheat diet 

NNR C66 backs ca pardatumasdmemues 2470 2400 

RE IES «x pce. vi task 8s er eaeeenae 38 43 
I, HM... 6 aie sca id path bt 280 430 
MPMMRINNOS C00 os 5. v.30 00g, ea dere be ae 0.79 0.62 
CS SC aT een 8 0.55 0.49 
WiGOLINIC ACId, Mg... oo. 6a eR 5.1 (5.5)* 5.7 (6.0)* 





* Determined by analysis. 


In the microbiological methods used for the determination of riboflavin, 
nicotinic acid, and tryptophan, 40 gm. each of glucose and of sodium ace- 
tate were used per liter of medium. Lactobacillus casei was used for ribo- 
flavin assay with the above change in the medium of Snell and Strong (16). 
Lactobacillus arabinosus was the test organism for assay of nicotinic acid 
and tryptophan with the medium of Krehl, Strong, and Elvehjem (17). 
When used for tryptophan analysis, 400 y of nicotinic acid per liter replaced 
the tryptophan of the original medium. The values obtained are expressed 
in terms of L-tryptophan. 

Singal et al. (18) observed that in rats which had received tryptophan the 
apparent nicotinic acid content of the urine was markedly increased by 
autoclaving with strong acid. For analysis of this metabolite in human 
urine some of the samples were autoclaved with 1 N sulfuric acid for 1 hour 
at 15 pounds pressure before microbiological analysis for nicotinic acid. 

In some of the experiments, tryptophan analyses were made after extrac- 
tion of the urine with ether to remove compounds other than tryptophan, 
which had tryptophan-like activity for Lactobacillus arabinosus (19-21). 
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The pH of the urine was adjusted to 3.5 to 4 and the samples extracted 
twice in a separatory funnel with equal volumes of ether. 

All microbiological tests were incubated at 37° for about 65 hours and 
titrated with 0.1 N NaOH with brom-thymol blue as indicator. 

Aliquots of the urines were digested with sulfuric acid and 30 per cent 
hydrogen peroxide for’ determination of total nitrogen with Nessler’s 
reagent. Creatinine was measured by a simple colorimetric procedure by 
using an alkaline picrate reagent. Readings were made with a photo- 
electric colorimeter. 


Results 


Two adult females (Subject 1, M. K., age 51, weight 45 kilos, and Subject 
2, I. C., age 21, weight 45 kilos) were maintained on the wheat diet for 6 
days, followed by successive 18 day periods on the corn and wheat diets 
(Table III). During the last 8 days of the two latter periods the subjects 
received 5 gm. of pL-tryptophan daily (2.5 gm. with dinner and supper). 
The daily urinary excretion of creatinine, nitrogen, thiamine, nicotinic acid, 
N'-Me, and tryptophan by these subjects is shown in Table III. The 
creatinine figures are an approximate indication of the completeness of 
urine collection. In both subjects the excretion of nitrogen was lower on 
the corn than on the wheat diet. With tryptophan added, the average 
nitrogen excretion was increased 0.7 and 1.2 gm. in the two subjects on the 
corn diet and only 0.4 and 0.2 gm. on the wheat diet. The p-tryptophan 
(2.5 gm.), which presumably would not be utilized by humans (22), could 
contribute 0.34 gm. of nitrogen per day to the values found during supple- 
mentation. 

Thiamine excretion on these diets rapidly fell to low levels when accurate 
determination was not possible by fluorometric methods. The slight 
variations in excretion on the basal diets and after tryptophan ingestion do 
not appear to be significant (Table III). The metabolism of large amounts 
of pL-tryptophan results in the excretion of substances which may interfere 
with the fluorometric measurement of thiamine as they do in the assay of 
riboflavin and 4-pyridoxie acid. 

Nicotinic acid excretion, as measured microbiologically on diluted urine 
(not hydrolyzed), was not significantly altered by the change from the 
wheat to the corn diet or by administration of tryptophan. Experiments 
presented later (Subjects 5 and 6) show that, after tryptophan administra- 
tion, urinary nicotinic acid values are markedly increased by preliminary 
acid hydrolysis. 

N!-Me excretion was significantly decreased by changing from the initial 
wheat diet to the corn diet, and was greatly increased by the addition of 
5 gm. of pi-tryptophan to either diet. The gradual increase in N'-Me 
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excretion following tryptophan administration resembles the excretion ob- 
tained with successive daily doses of nicotinamide (23). With 5 gm. of 
pL-tryptophan, the N'-Me excretion reached a value 6 to 12 mg. above the 
basal level. This increase in N!-Me, as measured by fluorometric analysis, 
was also demonstrated by chemical determination of total N'-methy] 


TaB_e III 
Effect of Tryptophan Administration on Daily Excretion of Nicotinic Acid Deriva 
tives and Related Compounds by Subjects 1 and 2* 
| Jk ge aie Coan 
| Creatinine Nitrogen Thiamine —_ N'-Me Tryptophan 
| 
Diets Days |_ } 





|. Sub-| Sub-| Sub-! Sub-| Sub-| Sub-| Sub- Sub- Sub-) Sub-! Sub-! Sub- 
jject 1 ject 2) ject 1 Ject 2) ject 1 ject 2 ject 1 ject 2 ject 1 ject 2 ject 1 ject 2 


gm mem amy 7 


mg. mg. mg. | mg ms. meg. 
Wheat 1- 2 (0. 650. 99| 3. 7 6.6 30 | 63 | 0.4, 0.6 1.1, 2.2 14) 9 
3 4 0.660.79 3.6 4.4) 21 | 63 | 0.5) 0.5 1.2, 1.91 15 | 8 

5- 6 0,680.88) 4.0 4.6 26 | 26 0.70.6 1.11.8 15) 9 

Corn 7- 8 0.620.69, 2.9, 3.2 10| 12 0.8 0.6 0.4 1.0 7) 6 
9-10 |0.670. 81) 3.2; 3.7, 8 16/ 0.6 0.5 0.6 1.1 6 

11-12 |0.640.87| 3.4. 4.410 | 10 0.7 0.60.6 1.0 8 7 

13-14 |0.570.79| 3.0, 4.3) 19 | 20 0.8 1.10.7 1.1 9) 5 

15-16 0. 670.68 3.0 3.5, 12 19 0.7.0.7 0.81.1 7° 5 

Corn + 5 gm. pi- 17-18 (0.580.88, 3.4 4.6 29 | 25 0.5 0.8 1.5 4.0, 94 | 72 
tryptophan per = 19-20 0. 670. 81 4.2, 5.2) 32 | 29) 0.6 0.7 5.3, 8.5126 | 79 
day 21-22 (0.650.86 3.9 4.8120? 26 0.5 0.7 7.0 9.9115 | 94 
23-24 |0.680.94 3.8 5.4 9 | 25 0.6 0.7 6.613.3121 | 94 

Wheat 25-26 (0.680.88 4.0 4.5 17 17 0.7 0.8 4.5 6.7 16| 8 
27-28 |0.640.91 4.1, 4.7, 15 | 15 | 0.7 0.8 2.2, 4.4517) 9 

29-30 0.690.93 4.4 5.7 15 15 0.4 0.6 2.0 3.4 18. 8 

31-32 0.680.86 4.4 6.1 9 15 0.6 0.7.1.7 3.116 9 

33-34 0.720.91 4.3 5.3 26 | 32 0.7 0.8 1.4 2.5 16) 9 

Wheat + 5 gm. pi- 35-36 0.630.91 4.2 5.6 12 12 0.5 0.7 2.3 6.6103 | 82 
tryptophan per 37-38 0.700.92 4.9 5.3 13 16 0.7 0.7 7.510.121 | 98 
day 39-40 0.690.87 4.7 5.2 24 18 0.7 0.610.713.5116 | 91 
41-42 0.700.86 4.9 5.4 22 9 0.6 0.611.313.8124 101 





* Average intake: Subject 1, wheat diet, 2300 calories, 42 gm. of protein; corn 
diet, 2400 calories, 37.5 gm. of protein. Subject 2, wheat diet, 2400 calories, 43 gm. of 
protein; corn diet, 2470 calories, 38 gm. of protein. 


derivatives of nicotinic acid (24). The two methods showed similar incre- 
ments in the excretion of N'!-Me after tryptophan administration (10). 
Tryptophan excretion on the corn diet was also significantly lower than 
that on the wheat diet. Previous studies have shown that tryptophan 
excretion may be decreased when the diet is low in this amino acid (25). 
After ingestion of the pL-tryptophan supplements, the excretion as meas- 
ured by Lactobacillus arabinosus was increased to about 100 mg. Subse- 
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quent studies have shown that a portion of this material is not tryptophan, 
since ether extraction of the urine reduces the values. Lactobacillus arabi- 
nosus cannot utilize p-tryptophan for growth, but can use various indole 
derivatives to a limited extent (19-21). 

The data in Table IV represent the results of a similar experiment on 
Subject 3 (L. B.), a 60 year old male weighing 65 kilos. The wheat diet 
was supplemented with tryptophan before changing to the corn diet. The 
findings are similar to those shown for the first two subjects. On both 
diets the ingestion of 5 gm. of pL-tryptophan led to an increase in the excre- 


TABLE IV 


Effect of Tryptophan Administration on Daily Excretion of Nicotinic Acid Deriva 
tives and Related Compounds by Subject 3 


Diets Days Creat- Nitro- | Thia- | Ribo- Nicotin- Ni-Me | /typto 


inine gen mine flavin icacid phan 

oo } 
gm. gm. Y | 4 mg. meg. gm 
Wheat (2370 calories, 41 gm.| 1-2 1.1 6.2) 60 | 228 0.9; 1.8; 18 
protein) |3-4| 1.2] 5.7) 45 | 224 | 0.8] 1.7! 14 
5-6] 1.1) 59] 25 | 115 | 0.7) 1.3] 15 
7-8} 1.1 6.2 34 | 88 0.7 Lat 14 
9-10 1 | 3 32 | 76 0.9 2.0 12 
Wheat + 5 gm. pi-trypto- |11-12) 1.0!) 5.4); 23 | 68 Oe wy Lo | 
phan per day 13-14} 1.1] 6.2; 30 | 70 0.8| 4.5) 110 
15-16 1.0) 5.9| 19 | 65 1.0; 6.5 | 114 
17-18 | 1.0| 5.8; 21 | 60 0.8} 8.5) 107 
Corn (2450 calories, 37 gm |19-20 | 1.1 5.4 23 59 0.7 6.2 16 
protein) 21-22 | 1.1 5:6} 27 62 0.7 | 4.4 12 
23-24 | 1.1 5.1} 21 47 Oe BS 12 
25-26 | 1.0| 5.2) 34 | 63 | 0.6] 3.2| 12 
27-28 | 1.0 4.9) 38 | 49 0.5} 2.9 12 
Corn + 5 gm. pu-tryptophan |29-30 | 1.0!) 5.6 | 120? | 51 0.6 | 6.0 | 107 
per day 31-32 | 1.0) 5.6 17 52 Os7 | 629) 12 
33-34 | 1.1] 6.3 27 55 0.8| 9.2| 112 
35-36 | 1.0 6.0 15 53 0.7 8.6 | 117 





tion of N'-Me of about 6mg. In the second period of supplementation the 
rise in excretion of N'-Me was more rapid than in the first. This excretion 
of extra N'-Me persisted for several days after the supplementation was 
discontinued, whereas the excretion of tryptophan itself returned to the 
basal level much more rapidly. These effects were also observed in the 
first two subjects. 

The thiamine excretion of this subject was similar in its variations to that 
found in Subjects 1 and 2. Urinary riboflavin, which was measured micro- 
biologically, decreased rapidly for a few days, and then slowly reached a 
plateau of about 50 y per day (Table [V). Riboflavin excretion was not 
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significantly affected by the change from the wheat to the corn diet or by 
the addition of tryptophan to either diet. 

The nitrogen excretion of this male subject (Table IV) was higher than 
that found in the two females (Table III) on the same diets. There was 
virtually no change in nitrogen excretion when tryptophan was added to 
the wheat diet, while there was an increase of about 0.7 gm. of nitrogen per 
day when the corn diet was supplemented with tryptophan. 

The effect of the addition of 5 gm. of pL-tryptophan to a good normal 
diet was determined in a well nourished male (Subject 4, H. S., age 31, 
weight 75 kilos). The diet, which was not controlled as rigorously as in 
the previous experiments, provided about 100 gm. of protein per day as 
well as adequate amounts of all of the vitamins. In a 3 day basal period 


TABLE V 


Effect of Tryptophan Administration on Daily Excretion of Nicotinic Acid Derivatives 
and Related Compounds by Subject 4 





Diets Days | Grants | Nitto” | Thies | Bite, Picotia’| aeade (Tixpte 
gm. gm. Y mg. mg. mg. mg. 
Normal control ] 2.1. 14.0 210 1.6 1.0 7.6 15 
2. | £3. 268) 10) 1.2! 68) 841 
$ | 94.) 98) 18) 1.1) OF) Fai 
Normal control + 5 gm. pL- 4 2.0; 13.4| 180! 0.9) 0.8/| 10.7| 78 
tryptophan per day 5 1.9; 138.3; 180; 1.2] 1.0} 14.2] 78 
6 | 2.2) 18.9] 215) 1.1! 1.0] 17.5] 90 
7 2.1 12.5) 165) 1.0 0.9) 18.0) 89 
$s | 3.1 1.1] 1.61368 | 79 


12.3 170 


this subject excreted about 14 gm. of nitrogen, 15 mg. of tryptophan, and 
7.5 mg. of N!-Me per day (Table V). The ingestion of 5 gm. of pL-trypto- 
phan daily for 5 days led to a 10 mg. increase in excretion of N'-Me. About 
9) mg. of tryptophan compounds were excreted. ‘This is slightly less than 
that found in the other three subjects on poorer diets. Nitrogen, thiamine, 
and riboflavin excretion were not significantly affected by tryptophan ad- 
ministration. 

Since the first four subjects excreted 6 to 12 mg. of N’-Me above the 
basal output when 5 gm. of pL-tryptophan were administered daily, two 
experiments were set up with other levels of tryptophan to determine 
whether there is a quantitative relationship between the amount of trypto- 
phan added to the diet and the extra N!-Me excreted. These experiments 
were carried out in persons maintained on the wheat diet. Subject 5 
(C. N.), a 63 year old woman weighing 46 kilos, was given this diet for 30 
days. During the second and third 10 day periods she received 2 and 5 gm. 
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of pL-tryptophan daily, respectively (Table VI). The increase in N!-Me 
excretion after ingestion of tryptophan was lower than that found in the 
other subjects on the wheat diet. When 2 gm. of pi-tryptophan were 
administered, there was an increase in excretion of N!-Me of 0.5 to 2.7 mg, 
per day above the basal level of 0.8 mg. Addition of 5 gm. of pDL-tryp- 
tophan to the diet led to an increase of 3.9 to 6.5 mg. in N'-Me excretion. 
The average increase after 2 gm. of tryptophan, 1.7 mg., is approximately 
30 per cent of the average rise after 5 gm. of tryptophan, 5.7 mg. The 


TaBLe VI 
Effect of Administration of Varying Levels of Tryptophan on Daily Excretion of 
Nicotinic Acid and Tryptophan Compounds by Subject 6 


Nicotinic acid Tryptophan 
Diets Days N!-Me 
| Before After Before ether, After ether 
| | hydrolysis | hydrolysis extraction | extraction 
mg. mg. mg. mg. me 
Wheat (2400 calories, 40| 1-2 | 0.3 0.4 0.6 5.4 1.7 
gm. protein) | 3-4 0.2 0.8 1.0 5.4 
5- 6 0.5 Pa 1.0 5.0 4.0 
7-8 0.4 1.3 0.7 §.2 1.5 
| 910 | 0.4 La 0.7 « 5.5 4.3 
Wheat + 2 gm. pL-tryp- | 11-12 0.4 ay 1.3 12 
tophan per day 13-14 | 0.4 1.6 2.5 20 11 
15-16 0.5 oa 2.6 20 
17-18 0.5 1.6 2.5 16 8 
19 0.4 oe | 3.5 34 15 
Wheat + 5 gm. DL-tryp- 22 0.4 2.5 7.3 42 
tophan per day 23-24 0.3 1.8 4.7 34 12 
25-26 0.4 3.4 6.6 48 19 
27-28 0.5 2.5 6.5 37 17 
30 0.4 2.8 ous 40 17 


extra excretion of N!-Me toward the end of the 10 day period when 2 gm. of 
tryptophan were given was 2.7 mg. ‘This appears to be a better indication 
of the conversion of tryptophan to N'!-Me than does the average value. 
The extra excretion of N'-Me on this basis is approximately the theoretical 
40 per cent of that found after administration of 5 gm. of tryptophan. 

In this experiment it was also shown (Table VI) that autoclaving the 
urines for 1 hour with 1 N sulfuric acid markedly increased the nicotinic 
acid values in specimens obtained after tryptophan ingestion. Singal et al. 
(18) obtained similar findings when rat urines were autoclaved for 19 
minutes. With human urine the values are further increased by longer 
hydrolysis (up to 4 hours). 1 hour hydrolysis was chosen as a convenient 
time to show this effect of tryptophan administration. 
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The excretion of tryptophan-like compounds by Subject 5 (Table V1) 
is lower than that found in the previous subjects, both before and after 
supplementation. Several of the urines in this experiment were analyzed 
for tryptophan after two extractions (at pH 4) with equal volumes of 
ether. This procedure does not remove tryptophan but does remove other 
compounds with tryptophan-like activity for Lactobacillus arabinosus 
(20, 21).. On the basal diet, the ether extraction reduced the tryptophan 
value by about 1 mg. per day, but after administration of tryptophan the 
extraction removed about one-half of the tryptophan activity. 

Thiamine and riboflavin excretion of this subject (not shown in Table V1) 
decreased during the course of the experiment and was not affected by 
tryptophan administration. 

Subject 6 (W. H.), a 30 year old male weighing 65 kilos, was given DL- 
tryptophan in amounts of 2, 5, and 10 gm. per day while on the wheat diet, 
to test further the proportionality between tryptophan administration and ° 
N!-Me excretion (Table VII). Since the normal metabolism of tryptophan, 
including its conversion to N'-Me, is known to require pyridoxine com- 
pounds (26-30), pyridoxal or pyridoxine was given with the tryptophan to 
see whether this affected the amount of conversion of tryptophan to nico- 
tinic acid-like compounds. 

In Subject 6, the administration of 2 gm. of pL-tryptophan per day for 
10 days led to an increased excretion of 1 to 6.5 mg. of N'-Me (average 3.1 
mg.) above the average basal value of 2.1 mg. The values obtained toward 
the end of the initial tryptophan period again appear to be a better indica- 
tion of the amount of possible conversion of tryptophan to N!-Me than 
does the average value. Days 22 to 27 (Table VII) represent 6 of the 8 
days during which this subject received 5 gm. of pL-tryptophan daily. 
The average excretion of N!-Me was 14.7 mg. more than that of the basal 
period. During Days 39 to 48 the subject received 10 gm. of tryptophan 
per day and excreted about 23 mg. more N!-Me than when on the control 
diet. It will be noted that the extra excretion of N'-Me during these 10 
days decreased from an initial value of 27 mg. to about 20 mg. However, 
the above data show that the additional N!-Me excreted at each of the three 
levels of intake of tryptophan was roughly proportional to the amount 
administered. ‘Table VII also shows a progressive increase in excretion of 
acid-hydrolyzable precursors of nicotinic acid as the amount of tryptophan 
administered was increased. 

The addition of 20 mg. of pyridoxal hydrochloride’ to the 5 gm. of tryp- 
tophan supplement (Days 29 to 34) was accompanied by a slight decrease 
in excretion of N'-Me. The removal of this pyridoxal from the diet led to 
no further change in N!-Me excretion. When 10 gm. of tryptophan were 


* The pyridoxal hydrochloride was kindly furnished by Merck and Company, Ine. 
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administered (Days 39 to 62), the excretion of N'-Me started at 29 mg. per 
day and decreased before any pyridoxine compound was added. The 


TaBLe VII 
Effect of Administration of Varying Levels of Tryptophan and of Pyridoxine 
Compounds on Daily Excretion of Nicotinic Acid and Tryptophan 
Compounds by Subject 6 


Nicotinic acid Tryptophan 


: ————-—|_  Ni-Me 
Before After 
hydrolysis | hydrolysis 


Diets Days 
Before ether After ether 
extraction extraction 


E | 
a 

3 
oS 

3 } 
a 

3 
wn 
2 


Wheat (2580 calories, 45 1- 2 0.5 1.3 13 17.0 17.0 
gm. protein) 3- 4 0.9 2.1 2.2 17.5 
5- 6 0.7 2.0 2.1 19.8 19.6 
7- 8 0.6 1.6 2.3 17.6 17.0 
9-10 0.5 LF 2.6 19.4 18.0 
Wheat + 2 gm. pL-tryp- | 11-12 0.8 2.3 Bal 47 3 
tophan per day 13-14 0.7 2.5 4.7 42 
15-16 1.3 3.3 5.6 46 39 
17-18 0.8 2.3 4.2 43 34 
19 ‘3 3.2 8.5 50 39 
Wheat + 5 gm. pL-tryp- 22 0.7 3.1 15 98 62 
tophan per day | 23-24 0.9 3.7 19 110 74 
25-26 0.7 3.6 15 110 71 
27 0.8 3.2 19 90 65 
Wheat + 5gm. pi-tryp- | 29-30 | 0.9 4.0 16 112 82 
tophan + 20 mg. pyri- | 31-32 0.8 3.2 14 108 77 | 
doxal HCl per day 33-34 0.6 2.9 11 98 65 | 
Wheat + 5gm.p.-tryp- | 35-36 0.8 2.9 11 102 64 
tophan per day | 387-38 0.7 3.1 10 97 58 
Wheat + 10 gm. pi- | 39-40 1.0 5.8 29 167 98 
tryptophan per day 41-42 0.9 5.7 26 169 91 
43-44 0.9 to0 24 187 113 
45-46 | 0.9 tsa. | eae 172 109 
47-48 | 1.0 6.7 23 188 116 
Wheat + 10 gm. pi- | 49-50 
tryptophan + 20 mg. , 51-52 1.0 7.9 23 194 115 
pyridoxine HCl per 53-54 0.8 7.2 17 194 120 
day 55-56 1.0 8.8 21 192 127 
Wheat + 10 gm. pi- 57-58 6.8 6.5 17 165 93 
tryptophan per day 59-60 0.8 6.9 15 174 97 
61-62 0.8 7.7 18 196 121 


administration of 20 mg. of pyridoxine hydrochloride with the tryptophan 
led to no significant change in N'-Me excretion, although a slight decrease | 
did occur when the pyridoxine was removed. From these data, it appears | 
that continued administration of large amounts of tryptophan leads to a 
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decrease in N!-Me excretion after the initial peak is reached. Whether the 
pyridoxine compounds had any effect upon this decrease is questionable. 
Other experiments in this laboratory* with smaller tryptophan supplements 
indicate that extra pyridoxine either has no effect or leads to a slight de- 
crease in excretion of N'-Me. Experiments with rats (27-29) showed a 
decrease in the conversion of tryptophan to N'-Me on pyridoxine-deficient 
diets. No animal experiments with various levels of pyridoxine in the diet 
have been reported. 

Excretion of tryptophan by Subject 6 (Table VII) was similar to that 
found in the other subjects. Extraction of the urine with ether again 
showed the presence of tryptophan-like metabolites, which increased when 
additional tryptophan was administered. 

The 4-pyridoxic acid excreted by several of these subjects was measured 
fluorometrically (14). The values obtained during the periods of trypto- 
phan administration were 0 to 5 mg. higher than the basal levels of 1 to 4 
mg. per day. Recent experiments have shown that the ether extraction, 
which removes compounds with tryptophan-like activity, reduces the 
fluorometric values of 4-pyridoxic acid to approximately basal values.‘ 
4-Pyridoxic acid is not removed from urine by this procedure. It therefore 
appears likely that large amounts of tryptophan metabolites interfere with 
the fluorometric assay of 4-pyridoxie acid. 

Tissue Saturation—The data on urinary excretion (Tables III to VII) 
indicate that tryptophan is converted to nicotinic acid compounds by man. 
Part of this nicotinic acid should be retained to maintain or increase body 
stores of nicotinic acid. ‘Tissue saturation of nicotinic acid was compared 
with that of thiamine and riboflavin by means of urinary excretion tests 
after an oral dose of these vitamins. A tablet containing 5 mg. of thiamine, 
5 mg. of riboflavin, and 50 mg. of nicotinamide was administered to the 
subjects the morning after the completion of the above experiments, and 
the 4 hour urinary excretion of thiamine, riboflavin, and N'-Me was meas- 
ured. In three of the subjects this test was also performed a few days prior 
to the start of the experiment. The findings are presented in Table VIII 
and may be compared with those obtained in control subjects on adequate 
diets. 

Subject 4 was maintained on a good diet throughout the experiment and 
after 5 days of tryptophan administration showed no significant change in 
test dose excretion of thiamine or riboflavin, whereas the N'-Me excretion 
was markedly increased. The corn and wheat diets of the other five sub- 
jects were low in thiamine, riboflavin, and nicotinic acid (Table I1). After 
30 to 62 days on these diets, the excretion following a test dose showed 


’ Sarett, H. P., and Goldsmith, G. A., unpublished data. 
‘Sarett, H. P., Haas, C. C., and Loeb, J. M., unpublished data. 
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evidence of mild to severe depletion of thiamine and riboflavin in four of 
these subjects. However, the excretion of N'-Me indicated fair to good 
body stores of nicotinic acid. 

In Subjects 5 and 6 comparison can be made of the values obtained before 
and after the experimental period. In Subject 5 the excretion of N'-Me 
was essentially unchanged, whereas there was a sharp decrease in thiamine 
and riboflavin excretion. Subject 6 also showed a diminished output of 
riboflavin and thiamine in the second test, while the excretion of N'-Me was 
greater at this time. The addition of tryptophan to a diet low in nicotinic 
acid appears, therefore, to maintain or increase body stores of nicotinic acid. 


TaBie VIII 
Urinary Excretion (4 Hour) of Thiamine, Riboflavin, and N'-Methylnicotinamide 
by Subjects after Oral Test Dose of 5 Mg. of Thiamine, 5 Mg. of Riboflavin, 
and 50 Mg. of Nicotinamide 


Subject Thiamine | Riboflavin | N'-Methyl. | Remarks 
y mg. meg. 
Normals (12) | 211 1.9 7.5 
(82-376) | (1.38-2.4) (5.0-13.1) 

1. M. K. 35 1.3 9.5 After experiment, Table II] 
2. I. C. 184 1.6 12.5 : 7 oT 
3. L. B. 21 1.2 6.5 “ S ~ ¥ 
4.H.S. 167 2.1 9.3 Control 

4. H.S8. 224 1.9 14.8 After experiment, Table V 
5. C. N. 169 3.7 3.4 Control 

SOON. 7 0.5 3.7 After experiment, Table VI 
6. W. H. 54 1.8 4.0 Control 

6. W. H. 26 0.1 8.0 After experiment, Table VII 


DISCUSSION 


The excretion of N'-Me by humans appears to be related to the nicotinic 
acid and tryptophan content of the diet. When tryptophan is adminis- 
tered, the extra excretion of nicotinic acid compounds is approximately 
proportional to the amount of tryptophan added to the diet. This suggests 
that a definite portion of extra tryptophan is converted to nicotinic acid. 
Several workers (18, 29, 31, 32) have found that extra casein in the rat 
diet leads either to no increase in excretion of N'-Me or to an increase less 
than that which would be expected if free tryptophan was administered in 
amounts equivalent to that present in the casein. It appears, therefore, 
that, although extra free tryptophan in the diet leads to the formation of 
nicotinic acid or N'-Me, the ingestion of this tryptophan in protein may 
lead to its utilization along other pathways. Some of the tryptophan may 
be converted to nicotinic acid, which might be required in the deposition 
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and utilization of the added protein (33). Further elucidation of this sub- 
ject may be obtained when assay of the 6-pyridone of N'-methylnicotina- 
mide (34) is feasible. 

The higher excretion of N'-Me by subjects on the basal wheat diet in 
contrast to the corn diet may be due to the larger amount of tryptophan in 
wheat diet. Both diets provide about the same amount of nicotinic acid 
and differ little in total content of protein. It is possible that a ‘‘pella- 
gragenic”’ substance in corn (35) increases the nicotinic acid or tryptophan 
requirement. ‘This substance may act by inhibition of the conversion of 
tryptophan to nicotinic acid or of the utilization of nicotinic acid. How- 
ever, the presence of this substance is not necessary to explain the difference 
between the corn and the wheat diets in view of their relative content of 
tryptophan. Tryptophan-deficient proteins and acid-hydrolyzed proteins 
have retarded rat growth in the same manner as do corn products low in 
tryptophan (36, 37). The addition of specific amino acids to diets low in 
protein and nicotinic acid also causes an imbalance which depresses rat or 
chick growth and is reversed by nicotinic acid or tryptophan (38-40). 

The metabolism of large amounts of DL-tryptophan (or L-tryptophan*) 
by humans leads to the excretion of two substances which may be inter- 
mediates in the formation of nicotinic acid or by-products in the metabo- 
lism of tryptophan. The first of these is a substance which has tryptophan- 
like activity for Lactobacillus arabinosus but can be extracted from acidified 
urine with ether. Concentration of this material and preliminary tests 
indicate that it is an acidic compound containing the indole nucleus. The 
second substance was originally found in the urine of rats which received 
tryptophan (18). Autoclaving this compound in strong acid converts it to 
nicotinic acid or a compound with nicotinic acid activity for Lactobacillus 
arabinosus. Small amounts of the two compounds described above may 
appear in the urine of subjects who receive no supplementary tryptophan. 
Administration of nicotinic acid or nicotinamide does not lead to any in- 
crease in the levels of these compounds in the urine.° 


SUMMARY 


The urinary excretion of creatinine, nitrogen, thiamine, tryptophan, 
riboflavin, nicotinic acid, and N'-methylnicotinamide (N!-Me) was meas- 
ured in human subjects on corn and wheat diets. The excretion of N'-Me 
and of tryptophan was higher on the wheat than on the corn diet. This 
may be due to the difference in the tryptophan content of the diets. 

The administration of L-tryptophan with either diet led to an increase in 
excretion of N!-Me and of a substance which had nicotinic acid activity 


5 Sarett, H. P., unpublished data. 
® Sarett, H. P., and Loeb, J. M., unpublished data. 
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after autoclaving with strong acid. An increase in urinary tryptophan and 
a related metabolite was also noted. Similar findings were obtained when 
tryptophan was administered to a subject on an adequate diet. The 
increase in N'-Me excretion was approximately proportional to the amount 
of tryptophan added to the diet. 

Pyridoxine or pyridoxal did not appreciably affect the urinary excretion 
of N'-Me when tryptophan was administered. 

The administration of tryptophan had no effect on the urinary excretion 
of thiamine and riboflavin. 

Urinary excretion of N'-Me after a test dose of nicotinamide showed that 
the administration of tryptophan had contributed to the maintenance of 
body stores of nicotinic acid. 


The authors wish to thank the following people for cooperation in these 
studies: Dr. Roy E. Butler for clinical assistance, Janis Gibbens and Wini- 
fred Bouvet for planning and supervising the diets, and Antoinette Din- 
graudo, Phyllis Gerhardt, Carol Haas, and Janice Loeb for their technical 
assistance. 
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THE REACTION OF FORMALDEHYDE WITH PROTEINS 


VII. DEMONSTRATION OF INTERMOLECULAR CROSS-LINKING BY 
MEANS OF OSMOTIC PRESSURE MEASUREMENTS 


By HEINZ FRAENKEL-CONRAT ano DALE kK. MECHAM 


(From the Western Regional Research Laboratory,* Albany, California) 
(Received for publication, September 7, 1948) 


It was suggested by Meyer (1) and again by Kiinzel (2) that the tanning 
and hardening effect of formaldehyde on proteins might be ascribed to 
the formation of methylene cross-links. The work of Gustavson (3) and 
Nitschmann and Hadorn (4) included experimental evidence and indicated 
that free amino groups were essential for the cross-linking. Preceding 
papers from this Laboratory (5, 6) have shown that at room temperature, 
and within the range of pH 3 to 9, methylene cross-links can be formed 
between amino groups on the one hand and amide, guanidyl, indole, phenol, 
or imidazole groups on the other. No evidence has yet been obtained 
that, under these mild conditions, cross-linkage occurs between two amino 
groups or between amino and peptide groups, possibilities that have at 
various times been suggested (2-4). 

Evidence for the involvement of the various groups in cross-linking was 
obtained primarily through study of the behavior of model systems in- 
cluding, besides formaldehyde, either two low molecular weight compounds 
or one protein or polymer and one low molecular weight compound (5, 6). 
The formation of cross-links between two groups, both furnished by pro- 
tein, was difficult to prove unequivocally, although evidence based upon 
the amounts of formaldehyde bound irreversibly by various proteins was 
suggestive. Thus, proteins containing appreciable amounts of amino and 
also phenol or imidazole groups bound considerably more formaldehyde in 
&u manner irreversible by acid hydrolysis than did derivatives in which the 
amino groups had been selectively acetylated (6). 

Evidence that methylene cross-linkage can be achieved does not neces- 
sarily prove that protein molecules can be linked together, since it is equally 
possible that the reaction might affect only pairs of reactive groups within 
a single molecule. However, the insolubility, resistance to swelling, etc., 
of formaldehyde-tanned proteins certainly suggest the formation of a tri- 
dimensionally stabilized structure (1-3). In line with this concept, it has 
now been possible to demonstrate intermolecular cross-linking through the 
marked increases in the average molecular weight of proteins after treat- 

* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Admin- 
istration, United States Department of Agriculture. 
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ment with formaldehyde even under conditions which do not lead to the 
formation of insoluble products.! 


EXPERIMENTAL 


Materials—The crystalline egg albumin was obtained by the procedure of 
Kekwick and Cannan (7); gliadin, by an unpublished method of alcohol 
fractionation; polyglutamine, as previously described (8). Amino-acety- 
lated proteins were prepared with acetic anhydride in cold sodium acetate 
solution (9). Crystalline bovine serum albumin and other reagents were 
commercial products. Ovomucoid was kindly supplied by Dr. H. Line- 
weaver of this Laboratory. 

Methods—Average molecular weights were estimated by determining the 
osmotic pressure of the protein derivatives in buffered solutions containing 
7 to 10 M urea. In this manner the possibility of molecular aggregation 
through secondary or coordinate bonds was minimized. The apparatus 
and technique described by Bull (10, 11) were used except that the osmom- 
eters were equipped with ground glass joints as suggested by Dr. H. S§. 
Owens of this Laboratory. In urea solutions attainment of equilibrium 
occasionally required runs of 10 days. No attempt was made to reach 
equilibrium more rapidly by adjustment of the sample level during runs. 
All measurements were made at 24.9° (water bath). 

Sample concentrations, which were 2.2 per cent or less in all cases, were 
determined by dialysis of an aliquot to remove urea, dilution of the aliquot 
to a definite volume, and estimation of nitrogen content by a micro-Kjeldahl 
procedure. The Folin phenol reagent also was used occasionally, by the 
method described by Anson (12), to determine sample concentrations and, 
applied to buffers from the osmometers, to make certain that no protein 
nitrogen was being lost through the membrane. 

The method of calculation of apparent molecular weight was that given 
by Bull (11). The values so obtained have been referred to as apparent 
molecular weight, since, as Burk and Greenberg (13) and Scatchard, 
Batchelder, and Brown (14) among others have shown, the osmotic pressures 
developed by a protein sample run at various concentrations are seldom 
directly proportional to the sample concentration. Real solutions give 
osmotic pressures higher than those predicted by the van’t Hoff theory; 
extrapolation of the pressure-concentration ratio to zero concentration is 
necessary in order to determine the true molecular weight of the solute. 
In general, the value calculated from a single osmotic pressure determi- 
nation for the apparent molecular weight of a protein thus will be lower than 
the true molecular weight. The difference will decrease as the sample con- 
centration is decreased, as the pH of the solution approaches the isoelectric 

1 Presumably the insoluble products had even higher molecular weights, but sim- 
ple methods for measuring their magnitude do not seem to be available. 
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pH of the sample, and as the ionic strength of the solvent is increased The 
true molecular weight of many of the samples reported in Tables I to V 
thus may have been appreciably higher than the value given. 

The first osmotic pressure determinations were performed in buffered 
solutions containing no urea. Under such conditions the molecular weights 
of untreated proteins were in good agreement with values of the literature, 
and formaldehyde was found to have caused manifold increases above these 
values. When the same samples were analyzed in 6.7 to 10 M urea, similar 
values were obtained for all proteins and derivatives studied, except for 
untreated egg albumin. This protein when analyzed in urea solution gave 
inconsistent molecular weights, varying around 75,000, while in the absence 
of urea a value of 45,000 was obtained, in agreement with that reported by 
Bull (11). A possible explanation of this observation was that autoxidation 
of sulfhydryl groups exposed by urea denaturation might lead to inter- 
molecular disulfide bonds and thus to progressively larger molecules.2 The 
fact that of the proteins used only egg albumin, and, to a much less extent, 
serum albumin, showed this phenomenon supported the above explanation, 
since egg albumin was the only protein containing numerous masked —SH 
groups of a type to be rendered reactive by urea. 

To avoid participation of —SH groups in such secondary cross-linking, 
iodoacetamide was added to the urea solutions of egg albumin and serum 
albumin. (The authors are indebted to Dr. H. B. Bull for this suggestion.) 
This procedure yielded consistent molecular weight values for the untreated 
proteins in urea solution which were somewhat lower than those of the 
literature (by 10 to 20 per cent), while the formaldehyde derivatives showed 
considerably higher values. The procedure as adopted for the albumins 
was as follows: 4 mg. of iodoacetamide per 100 mg. of protein were added, fol- 
lowed by solid urea, to give approximately a 5 M concentration. After the 
sample had stood overnight, it was dialyzed against several portions of 
urea-buffer solution, the last portion being used in the osmometer buffer 
chamber.’ 

Samples of gliadin and polyglutamine were dialyzed directly against urea- 
buffer solution without the addition of iodoacetamide. 

Details of the conditions of formaldehyde treatment are indicated in 


* The same phenomenon probably explains the results obtained by Bull and Currie 
with B-lactoglobulin (10). In 6 mM urea, the apparent molecular weight was 21,700 
in7 M urea, 26,100, and in 8 M urea, greater than 30,000. 

*A3 year-old sample of crystalline egg albumin which proved to contain an appre- 
ciable amount of denatured protein showed in 10 M urea solution an apparent molecu- 
lar weight of 59,000. Iodoacetamide effected in this case only a small decrease (to 
55,000), but in the presence of 0.01 m thioglycol a molecular weight of 36,000 was 
obtained. If this ‘“‘regenerated”’ egg albumin was dialyzed against urea to remove 
the thioglycol, the molecular weight rose (through autoxidation) again to 44,000, 
while treatment with iodoacetamide prior to dialysis gave a final molecular weight 
in 10 m urea of 33,000. 
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Tables I to V. After reaction, which was generally permitted to proceed 
for 10 to 14 days at room temperature, the products were isolated by 
dialysis for 3 days against running tap water, followed by 3 days against 
three successive changes of distilled water at 3°. Osmotic pressure meas- 
urements were made in duplicate on each preparation, and averaged. 
Many of the molecular weights given also represent averages of values 
obtained on two or more preparations. 


Results 


Proteins of Average Composition—Tables I and II show the apparent 
molecular weights of bovine serum albumin and egg albumin after treat- 
ment with formaldehyde under various conditions. The experimental 
conditions had to be chosen in such a manner as to avoid the formation of 
insoluble products, since, in agreement with expectation, proteins rendered 
insoluble through formaldehyde treatment were generally not soluble even 
in high concentrations of urea or other disaggregating solvents and thus 
could not be used for osmotic pressure studies. However, the increases 
observed with the only partially cross-linked and still soluble preparations 
are sufficiently marked to prove the point that cross-linking occurs. The 
most crucial factor in the experimental conditions seemed to be a high 
protein concentration. With 10 per cent protein solutions cross-linking 
occurred at formaldehyde concentrations ranging from 0.4 to 10 per cent, 
both at pH 3.5 and 7.5. At 1 per cent protein concentration, there was 
no cross-linking. At room temperature, the maximal molecular weight 
when the protein was not made insoluble was obtained in 5 to 15 days 
(Table I, foot-note). At an elevated temperature (40°) an insoluble 
product resulted under otherwise the same conditions after 2 days, but a 
soluble derivative of increased molecular weight was obtained through the 
use of a low formaldehyde concentration. The latter reaction conditions 
resemble those usually employed in the preparation of vaccines and tox- 
oids. 

The most important chemical prerequisite appeared to be the presence of 
amino groups, as illustrated by the unsuccessful attempts to produce 
cross-linking under even the most favorable conditions with the amino- 
acetylated derivatives of bovine serum albumin and egg albumin (foot- 
note, Tables I and II). 

As previously observed (5) cross-linking between protein groups could 
be prevented by the addition of small molecular weight amides or secondary 
amines (Table I, foot-note). Under such conditions the added compound 
is bound through methylene to protein groups, thus rendering these un- 
available for linkage with other protein groups. The cross-linking action 
of added primary amines will be discussed below. 
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TABLE | 
Apparent Molecular Weights of Soluble Preparations of Formaldehyde-Treated Bovine 
Serum Albumin 
Reaction conditions* 


7 ere ee Apparent mol. wt.t 
Piotein Concentration of 


formaldehyde Final pH 
per cent per cent 

bs 4.4 35 $80;0068 
a : 3.5 262, 000$|| 
10 ; pr aa 
10 0.4 me pepe 
: 10 3.5 80,000 
: ; 3.5 61,000 
0.5 35 se Ob 
10 5 “ee ian 
10 | mips poe 
” 0.4 7.3 200, 0004 
; . 7.5 162,000 
: 0.5 7.5 55,000 
“i — 3.5 | 41,000 


* Reactions were permitted to proceed for 10 to 15 days at room temperature 
(22-26°) unless otherwise stated. In one experiment samples were analyzed after 
1, 2, and 5 days (10 per cent protein, 5 per cent formaldehyde, pH 3.5). The ap- 
parent molecular weights were 102,000, 152,000, and 223,000, respectively. Reaction 
for 12 days at 3-5° gave a product with a molecular weight of 120,000, under other- 
wise identical conditions; at 40°, the product was insoluble after 2 days. 

+ Unless otherwise stated, osmotic pressure measurements were performed at 
pH 7.5 to 7.9 in 0.05 m phosphate buffers, in the presence of 6.7 m urea, 0.05 m NaCl, 
and at times iodoacetamide (see the text). Untreated bovine serum albumin showed 
a molecular weight of about 62,000 under these conditions with or without added 
iodoacetamide. 

t Analysis performed in 0.05 m acetate-6.7 m urea, pH 5. 

§ When the solution also contained 10 per cent acetamide, cross-linking between 
protein amino and amide groups was largely suppressed in favor of fixation of the 
acetamide through methylene groups to the amino groups of the protein. The ap- 
parent molecular weight of such a preparation was 61,000. Cross-linking was 
decreased in similar manner by the addition of proline; the molecular weight was 
95,000. A primary amine, e.g. alanine, appeared to favor cross-linking through its 
amino group between pairs of protein amide groups; the molecular weight was 
180,000. The amino acid concentration in these experiments was 10 per cent, the 
reaction period 6 days, and the final pH 3.9. A similar experiment was performed 
with addition of methylamine or dimethylamine (6.7 per cent protein and amine 
hydrochlorides, 8 per cent formaldehyde; 3 days reaction; final pH 4.6 and 4.8). 
The molecular weights were 134,000 and 69,000 respectively. 

|| When aminoacetyl serum albumin was used under the same conditions at pH 
3.5, the apparent molecular weight was 41,000 (52,000 when the formaldehyde con- 
centration was 7.5 per cent); after reaction at pH 7.5, a molecular weight of 56,000 
was obtained. 

{| These reactions were performed at 40° (13 days). Such conditions, at neutral- 
ity, resemble those of vaccine formation. 
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An additional water-soluble protein used in this study was ovomucoid, 
which has recently been identified with the trypsin inhibitor of egg white 
(15). This protein gave an apparent molecular weight of 26,000 (6.67 
urea, 0.05 M acetate, 0.05 m sodium chloride, pH 5.4 to 5.7), but after 
treatment with formaldehyde (10 per cent protein, 8 per cent HCHO, 08 
per cent acetic acid, 5 days) the molecular weight was increased to 101,000. 

Proteins Rich in Amide Groups—A further series of experiments was 
performed with gliadin. In contrast to most proteins, gliadin is rendered 
more water-soluble by formaldehyde treatment in all but very acid solu- 


TABLE II 
Apparent Molecular Weights of Soluble Preparations of Formaldehyde-T'reated Egg 
Albumin 


Reaction conditions* 


Pistein Concentration of Final pH Re ES 
formaldehyde 
per cent per cent 
10 5 3.5 113,000 
1 5 3.5 44,000 
10 10 7.5 107 ,000 
10 5 7.5 120 ,000t 
10 1 7.5 104,000 
1 5 7.5 40,000 
1 0.5 7.5 38 ,000 
10 None 7.5 38,000 


* The reactions were permitted to proceed for 10 to 14 days at room temperature. 

t+ Osmotic pressure measurements were performed in 0.05 m phosphate-0.05 m 
NaCl-10 m urea at pH 7.8 to 8.5 and in the presence of iodoacetamide (see the text). 
Untreated egg albumin showed a molecular weight of about 36,000 under these con- 
ditions and in the presence of iodoacetamide. 

t Aminoacetyl egg albumin treated with formaldehyde under the same conditions 
showed an apparent molecular weight of 34,000. 


tions. This is probably due to the fact that the low amino nitrogen of 
gliadin does not favor extensive cross-linking, while the transformation 
of amide to amidomethylol groups may lead to increased solubility in 
water. When gliadin was treated in 10 per cent solution with 19 per cent 
formaldehyde in 50 per cent acetic acid (final pH 2.5), an approximate doub- 


ling of the molecular weight (30,000 to 59,000) was obtained,‘ while in more | 


4 Below pH 2 to 3, some methylene cross-linking may occur between pairs of amide 
groups, as demonstrated in a model experiment by the introduction of acetamide 
into polyglutamine by formaldehyde treatment. The fixation of acetamide at pH 
1.9 (5 days at 23°) was indicated by an amide nitrogen content of 62 per cent of the 
total nitrogen in the dialyzed derivative. Unchanged polyglutamine, or a sample 
treated with formaldehyde and acetamide at pH 3.1, had amide nitrogen contents 
corresponding to 48 and 47 per cent of the total N. 
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dilute solution (4 per cent protein,7.5 per cent formaldehyde, 0.6 M acetic acid, 
final pH 3.1) the average molecular weight was increased to only about 41,000. 
Such reaction mixtures were suitable for the demonstration of the effect of 
added ammonium ions which, presumably according to reaction I (R = 
H), could substitute for protein amino groups in favoring cross-linking. 


TaBLe III 


Apparent Molecular Weights of Soluble Preparations of Gliadin Treated with For- 
maldehyde in Presence or Absence of Various Amines in 0.6 m Acetic 
Acid Solution* 





Added compoundt Final pH — mol. 

mMNOVOM CHLOPGOG (DB) .<.. 6c ciccg cxecs nade otaiecun. 2.6 125, 000§ 
a MOGUMURS COM) 55 5c 5:5 onc 09, Hees Soeur 3.4 145,000) 
PreE VratTe, FIOE CD) os occ hag acecigmcmesdstenies. 2.6 58 ,000 
BemOUVINIINO, TECH (BY: 6 sk oc acasedien deme eaeess 2.6 49 ,000 
UNUM OTN 5555/2! SS icraee we Ws KD eae AT 3.2 45,000 
NE SED. i Siciascivnsysdeacsaide senda) 3.9 51,000) 
a, p15 131 NG () ) a Ne eee 2.5 73 ,000]| 
NN AERO MOD ors x kes ondased scot keener. 2.6 101,000 
" AUD) i ad bare oan ee ee ae eee ee 2.5 152,000 


* The concentrations of protein and formaldehyde were 4 and 7.5 per cent, re- 
spectively; the reaction time, 3 to 5 days at 23°. 

+ The figures in parentheses represent equivalents used per 10‘ gm. of protein. 

{ The osmotic pressure measurements were performed in 0.05 m phosphate-10 m 
urea, pH 7.7 to 8.7. The untreated gliadin showed a molecular weight of 31,000 
under these conditions. 

§ In a control experiment, gliadin treated with ammonium chloride (32 equiva- 
lents per 10‘ gm.) without formaldehyde showed a molecular weight of 38,000. 

|| Preparations partly insoluble. 





PCONH: PCO—NH—CH: 
+ 2CH,(OH). + R—NH;+——> NH* + 4H.0 


PCONH: PCO—NH—CH: R 
(1) 


The data show that ammonia and bivalent primary and secondary amines 
can serve as cross-linking agents under these conditions (Table III). 
The remarkable effect of traces of such amines in causing the rapid gelation 
of zein- (16) and gliadin- (5) formaldehyde mixtures has been previously 
discussed and explained on the basis of reaction I (5). The present data 
appear to supply the proof for the formation of intermolecular cross-links 
under similar conditions. Here again, the insolubility of the preparations 
presumably containing the most cross-links defeats, to a certain extent, 
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the purpose of demonstrating the extent of polymerization in a quantita. 
tive manner by osmometry. Furthermore, indications were obtained that 
certain cross-links of the type resulting from reaction I (e.g., R = CH,— 
CH—COOH) are rather unstable and may be broken in the course of pro- 


longed dialysis. These facts may explain why increased molecular weights 
were found only if the reaction had been performed under specific condi- 
tions of concentration and time and with certain catalytic amines, whereas 


TABLE IV 
Apparent Molecular Weights of Soluble Preparations of Gliadin Treated with 


Formaldehyde in Presence or Absence of Various Amines in 45 Per 
Cent Ethanol* 


Added compoundt Final pH Apparent mol. wt.{ 
PR ra. Fle Sis Fite ones we Ses 5.6-7.8 38 , 000 
Ammonium chloride................... 5.4 46 ,000 
. BOGUHAGS, (o5sne. 0 ehber aa 5.2 47 ,000 
Metaylamine, HC)... ...0.66.6.0055. 5.6 76 ,000§ 
6.0 63 , 000 
6.4 30 , 000§ 
Dimethylamine, HCl......... ay 5.6 41,000 
ee 5.8 37 ,000§ 
Diethanolamine............. ee 5.8 43 ,000 
PR MMRES Fe ties 4 re Berend rea oes rts oe asec Cs 5.6 61,000 
ER AN 30 Bah a od chau ay f 42,000 
PRD a8 iris cider i a seme an. + a 6.3 35,000 


* The concentrations of protein and formaldehyde were 4 and 7.5 per cent, re- 
spectively. The reaction time was 2 days. The desired pH was obtained by addi- 
tion of small amounts of N sodium hydroxide and hydrochlorie acid. 

+ 32 equivalents per 10* gm. of protein. 

¢t Osmotic pressure measurements performed as in Table III. 

§ Products partly insoluble. 


the phenomenon of gelation was found to occur much more generally and 
with almost all primary amines (5). 

Another series of experiments with gliadin was performed in 45 per cent 
ethanol at pH 5.5 to 6.5. Under such conditions formaldehyde alone 
yielded a gliadin derivative having a molecular weight of 38,000, but in the 
presence of methylamine, glycine, or ammonium salts increases in the 
molecular weights of the reaction products resulted (Table IV). Secondary 
amines had no such cross-linking effect. 

The results obtained with gliadin are paralleled by those obtained with 
polyglutamine. This polypeptide also contains a great number of pri- 
mary amide and very few amino groups and, therefore, it is not readily 











atita- 
that 
‘H,— 
 pro- 


ights 
-ondi- 
lereas 


ent, re- 
y addi- 


lly and 


er cent 
» alone 
| in the 
in the 








ondary | 


od with 
of pri- 
readily 








H. FRAENKEL-CONRAT AND D. K. MECHAM 485 


cross-linked by formaldehyde. Again, the addition of ammonium salts or 
methylamine to the reaction mixture caused increases in the apparent 
molecular weight of the polypeptide (Table V). That primary amines may 
enter into cross-links even in proteins containing amino groups is indicated 
by the results obtained upon addition of alanine or methylamine to serum 
albumin-formaldehyde reaction mixtures (Table I, foot-note). 


TABLE V 


Apparent Molecular Weights of Soluble Preparations of Polyglutamine Treated with 
Formaldehyde in Presence or Absence of Various Amines 





Reaction conditions* 





Apparent mol. 
wt.t 





Added compoundt Time Final pH 

days 
Cer et: Secret nr 5 3.3 | 20,000 
Ammonium ‘chloride (2)... .......03660 02.5555 5 37,500 
na ROCTALS COO eric sas wc eg 5 3.6 34,000 
Methylamine, HCl (80).................... 1 2.6 27 ,000 
Dimethylamine, HCI (80).................. 5 3.2 19,000 
fo LL |) a eA Tne Ed ERE Be | 5 3.3 19,000 
oe, ROPE «oF 5.2 at Shes Se eee 5 2.8 19,000 

PPOHUG. ois. boos cg bids dle x BAT Ue eee a ae 5 3.3 


20,000 








* The reactions were performed in 1.5 M acetic acid. The concentrations of poly- 
glutamine and formaldehyde were 5 and 4 per cent, respectively. 

t The figures in parentheses represent equivalents used per 10‘ gm. of polygluta- 
mine. 

t Osmotic pressure measurements performed in 0.05 m citrate-0.05 m NaCl-6.7 m 
urea, pH 5.8 to 6.4. 


SUMMARY 


Formaldehyde treatment at pH 3 to 8 and room temperature of con- 
centrated solution of proteins containing amino groups led to marked 
increases in the molecular weights, as measured by the osmotic pressure of 
the (water-soluble) reaction products. Amino-acetylated proteins are 
not similarly affected. 

Any tendency to aggregate was minimized by performing the osmotic 
pressure measurements in 7 to 10 M urea solutions. It was, therefore, con- 
cluded that the formation of methylene bridges between the amino and 
other reactive groups of two or more protein molecules represents the 
chemical basis for the observed increases in molecular weights. 


* As in the case of gliadin, some increases in the molecular weight are obtained at 
high concentrations in 50 per cent acetic acid, in this case even in the absence of 
formaldehyde. The latter phenomenon may be due to the formation of imide cross- 
links between two carboxyl groups. 
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Proteins or polypeptides rich in amide but poor in amino groups were 
not readily cross-linked under these conditions, but increased molecular 
weights could be produced by the addition of functionally divalent amino 
compounds which provide bridges between pairs of amide groups. 
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LETTERS TO THE EDITORS 





ON THE MODE OF ACTION OF BIOTIN 
Sirs: 


Under this title, Axelrod et al.! have recently published a note confirming 
the observations of Lichstein and Umbreit? that incubation of freshly har- 
vested cell suspensions of /. coli in molar phosphate, pH 4, 37°, resulted in 


Influence of Growth Medium on Biotin Activation of Phosphate-Treated 
Bacterial Cells 
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E. coli (Gratia) None 
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B. cadaveris None 
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* 1 per cent each of pepticase and yeast extract, and 0.5 per cent KzHPO,. 

+ The same as above, with pepticase replaced by tryptone. Cells grown in respec- 
tive media at 30° for 16 hours. Harvested cells aged in m phosphate, pH 4, 30 to 45 
minutes at 22-25°. Reaction run at pH 4, 37°, 30 to 45 minutes; volume, 2 ml. 
pL-Aspartic acid added at 0.005 m final concentration. The figures represent micro- 
grams of ammonia nitrogen produced after subtracting the amount present in similar 
cell suspensions incubated without added aspartate. 


marked loss of activity with respect to ammonia and carbon dioxide pro- 
duction from added aspartic acid. They were, however, unable to reacti- 
vate such cells by the addition of biotin, although hot water extracts from 
normal, and even biotin-deficient, cells were able to reactivate them. They 

1 Axelrod, A. E., Hofmann, K., Purvis, 8S. E., and Mayhall, M., J. Biol. Chem., 
175, 991 (1948). 

* Lichstein, H. C., and Umbreit, W. W., J. Biol. Chem., 170, 329, 423 (1947). 

487 








488 LETTERS TO THE EDITORS 


therefore concluded that it was very unlikely that biotin plays any réle in 
these enzyme systems. 

Consideration of the data presented and discussions with Dr. Axelrod 
revealed that the primary difference in the experiments was in the medium 
employed to grow the organism. Lichstein and Umbreit? employed pepti- 
case; Axelrod et al.! used tryptone or peptone. Through the courtesy of 
Dr. C. R. Brewer we obtained a sample of pepticase similar to that pre- 
viously employed. When grown on a medium containing pepticase the 
Gratia strain of £. colt (employed in both groups of studies) responds to 
the addition of biotin after inactivation, while, when grown on a tryptone 
medium, biotin alone is ineffective (see the table). 

It is further apparent, however, that other strains of bacteria (as B. 
cadaveris, P. vulgaris) show a biotin response when grown on tryptone 
medium; hence the requirement for pepticase appears to apply largely to 
the Gratia strain of EF. coli. 

While the reactions resulting in inactivation by exposure to molar phos- 
phate at pH 4 are not yet understood, and are not always consistent, since 
doubtless they are influenced by a variety of factors, it would seem unsafe 
in view of the positive data already presented? * to conclude that. biotin 
is not involved in these reactions. 


Department of Bacteriology HERMAN C. LICHSTEIN 
University of Tennessee 
Knoxville 
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3 Lichstein, H. C., and Christman, J. F., J. Biol. Chem., 176, 649 (1948). 
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HEMIN SYNTHESIS IN RABBIT BONE MARROW 
HOMOGENATES* 


Sirs: 


It has been shown by Altman et al.! that glycine labeled with C" in the 
a-carbon atom is a precursor of hemin. Evidence of in vitro synthesis of 
hemin has been reported by Shemin et al.,2 who showed that the glycine 
labeled with N™ is incorporated into hemin by circulating avian erythro- 
cytes. The data to be presented here demonstrate that hemin is synthe- 
sized by rabbit bone marrow homogenates. 


: 5 ; Protoporphyrin dimethy] ester, 
Time of incubation 104 disintegrations Cac* 
per minute per mm 


hrs 

0.5 | 0.00 

1.5 1.52 36.0 
3 12.55 13.7 
17 40.05 3.1 
44 54.50¢ 9.8 





* Ratio of initial isotope concentration of glycine (Co) to isotope concentration 
of protoporphyrin dimethy] ester isolated (C). 
+ Isolated as hemin. 


Bone marrow homogenates were prepared and incubated as previously 
described. Bone marrow obtained from three rabbits was used for each 
experiment. After termination of the incubation period, the homogenate 
was centrifuged at high speed in order to separate the fats from the remain- 
der of the preparation. The latter, a reddish colored suspension, was 
treated with 3 volumes of acetone. The acetone precipitate thus obtained 
was dried and protoporphyrin dimethyl ester was isolated from it by the 
method of Grinstein. The results obtained are presented in the table. 

The results indicate that rabbit bone marrow homogenates can synthe- 
size hemin from methylene-labeled glycine. By using C''-labeled glycine, 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester, Atomic Energy Project, 
Rochester, New York. 

1 Altman, K. I., Casarett, G. W., Masters, R. E., Noonan, T. R., and Salomon, 
K., J. Biol. Chem., 176, 319 (1948). 

*Shemin, D., London, I. M., and Rittenberg, D., J. Biol. Chem., 173, 799 (1948). 

* Altman, K. I., in press. 

‘Grinstein, M., J. Biol. Chem., 167, 515 (1947). 
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unequivocal evidence of appreciable protein synthesis in these bone marrow 
homogenates has been obtained,® although it cannot be stated with cer- 
tainty at this time whether or not globin synthesis occurs. 


Department of Radiation Biology Kurt I. Attman 
School of Medicine and Dentistry K. SALOMON 
The University of Rochester T. R. Noonan 


Rochester, New York 
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5 Unpublished experiments. 
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GENETIC DIFFERENCES IN METHIONINE UPTAKE 
BY SURVIVING TISSUE* 
Sirs: 
Recent research in physiological genetics has established the genetic 
control of certain major biochemical processes in lower organisms. The 


results we wish to report here show the operation of a similar genetic con- 
trol of the protein metabolism of a higher animal. 


500 mg. of liver slices; 5 ml. volume; incubation 2 hours at 36°; 95 per cent O2-5 per 
cent CO.. Each test represents six or more samples. 





J strain F strain 





Date tested | ——— mer Ree hh 
| Pooled | Average |S. A* | Standard | Tissue Average ¢ a «| Standard 














tissue from weight | uptaket | from weight uptaket 
| | ihe — ees 
gm. | per cent gm. per cent 
May 12 20 54 | 50 | 1.90 
October 1 3a | 60 | 4 | 165 | 3a 62 | 121 | 4.10 
April 10 4% | 10) | 24 | 0.85 4o 87 102 3.45 
| | | | 3a | 94 | 91 | 3.10 
59 | 91 | 40 | 1.40 | 49 75 115 3.95 
| | | 4Q 82 | 107 3.60 
September 13 27 | 150 | 55 | 1.85 | 2¢ 220 93 3.30 
May 12 | 2c | 215 | 30 | 1.10 | 2m | 280 | 93 | 3.15 
* Counts per minute 
uM methionine 
¢ Counts per minute uptake _ assumed 17 um methionine in sample 
(calculated 


Counts per minute used actual methionine recovered 
from the data of Lee, W. C., and Lewis, H. B., J. Biol. Chem., 107, 649 (1934)). 


Two inbred strains of rats were compared as to their ability to incorpor- 
ate methionine into surviving liver slices. The strains differed significantly 
in body weight and their reciprocal cross offspring showed marked heterosis. 
The J strain was built up from four females and two males of a single litter 
of the Wayne University Fisher line No. 344, with a pedigree of forty-five 
generations of sister and brother mating. The F strain was started from 
two pregnant females of the highly inbred King A inbred albino strain of 
the Wistar Institute and has been continued by sister and brother mating. 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and carried on during the 
tenure, by R. R., of a research assistantship in the Division of Genetics, College of 
Agriculture, University of California. 
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Separate pools of liver slices from male or female animals were prepared 
substantially according to Melchior and Tarver.!. The pooled slices were 
incubated in Ringer’s-bicarbonate containing 1.33 um of methionine labeled 
with S* at the level of 5 X 10‘ counts per minute. After incubation, the 
tissues were heat-denatured, washed, and the methionine content and radio- 
activity determined according to the method of Simpson and Tarver.* 

The results (summarized in the table) show a consistent and surprisingly 
large difference between the two strains in the incorporation of methionine 
into liver protein. ‘This large difference was obtained in tests carried on at 
different times and involving animals of different generations. The stand- 
ard uptake shows some tendency to decrease with age. The uptake ratio 
for the two strains, however, did not vary significantly with age. 

Nitrogen and sulfur analyses of the livers used and liver to body weight 
ratios of animals used showed no significant differences. As a consequence, 
application of the in vitro rates to the whole animal indicates that signifi- 
cantly different amounts of liver protein may be synthesized by the two 
strains under similar dietary conditions. 

Complete data on the inbred strains and their reciprocal crosses and back- 
crosses will be published elsewhere. The F! and the back-cross data cannot 
be explained solely in terms of gene segregation and appear to require the 
assumption of a maternal effect. 

The results presented here reemphasize the need of guarding against 
genetic variation in stock laboratory animals and of designing biochemical 
experiments so that genetic variations are detected. 


Division of Biochemistry, Medical RoBerRT RuTMAN 
School, and Division of Genetics, EVERETT DEMPSTER 
College of Agriculture of the Uni- HaRoLp TARVER 
versity of California 

Berkeley 


Received for publication, November 29, 1948 


1 Melchior, J. B., and Tarver, H., Arch. Biochem., 12, 301 (1947). 
2 Simpson, M., and Tarver, H., unpublished data. 


ee 











red 
ere 
led 
the 
lio- 


gly 
line 
n at 
ind- 


atio 


ight 
nce, 
nifi- 
two 


ack- 
nnot 
> the 


ainst 
nical 


AN 
PSTER 


_. 








COENZYME A AS GROWTH STIMULANT FOR ACETOBACTER 
SUBOXYDANS* 


Sirs: 


It had been found that pantothenic acid bound in coenzyme A and its 
partial degradation products is inactive in the test with Lactobacillus 
arabinosus.! In this connection a recent report by King, Locher, and Chel- 
delin? was of considerable interest. They isolated from heart muscle a 
pantothenic acid-containing factor which, with A. suboxydans, gave a greater 
and faster growth response than would have been expected from its panto- 
thenic acid content. JL. arabinosus did not respond to their preparation, 
except after decomposition with intestinal phosphatase. The similarity 
of this factor to coenzyme A was pointed out. In contrast it was found, 
however, that the preparation did not restore sulfanilamide acetylation 
and appeared difficultly dialyzable. 


A. suborydans ATCC 621 was grown in the pantothenic acid-free medium of Sarett 
and Cheldelin.* The density readings recorded below were taken after 40 hours on 
the Klett colorimeter. The coenzyme A preparation used contained 100 units per 
mg., corresponding to a pantothenic acid content of 6.5 per cent. 





Pantothenic acid equivalent added 





Compound Enzyme treatment peee ator 
0.7 ¥ 147 
Free pantothenic acid | 0 | 4 12 
Coenzyme A 0 70 130 
ss " Liver extract 55 125 
“ cc 


_ Intestinal phosphatase | 6 18 





* Sarett, H. P., and Cheldelin, V. H., J. Biol. Chem., 159, 311 (1945). 


It is shown in the present report that purified preparations of coenzyme 
A and the product of its degradation with liver extract exhibit a stimulatory 
effect on A. suboxydans in excess of their pantothenic equivalent (cf. the 
table). This effect disappears upon treatment with intestinal phosphatase. 
As with the factor of Cheldelin and his group, the growth response is faster 
with coenzyme A than with free pantothenic acid. Proportionality be- 
tween the enzymatic and the growth effects of coenzyme A was found with 


* Aided by a grant from the Commonwealth Fund. 


1 Lipmann, F., Kaplan, B. O., Novelli, G. D., Tuttle, L. C., and Guirard, B. M., 
J. Biol. Chem., 167, 869 (1947). 


? King, T. E., Locher, L. M., and Cheldelin, V. H., Arch. Biochem., 17, 483 (1948); 
Abstracts, American Chemical Society, 114th meeting, 59C (1948). 
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preparations of various degrees of purity ranging from 30 to 130 units per 
mg.® 

The similarities of intact and partially degraded coenzyme A and of the 
activator of Cheldelin and his group induced us to recheck the rate of dialysis 
of coenzyme A through cellophane, which we found surprisingly variable. 
During 18 hours of dialysis through cellophane at 5° a crude rabbit liver 
extract lost 66 per cent activity, while a purified preparation with an ac- 
tivity of 100 units’ per mg. lost only 33 per cent. The latter preparation 
diffused about 14 times faster through collodion. This variability most 
likely should be due to impurities affecting pore size and charge. In un- 
published experiments the molecular weight of coenzyme A has been deter- 
mined with the sintered glass diffusion cell of Northrop and values were 
obtained of 800 + 50. The results reported here indicate that the stimula- 
tion of A. suboxydans discovered by Cheldelin’s group should be due to co- 
enzyme A or its degradation product. Partial autolysis in animal organs 
appears to yield considerable amounts of this still phosphorylated, but 
enzymatically inactive, intermediary. 


Biochemical Research Laboratory, G. Davip NoveELu 
Massachusetts General Hospital, Rutu M. Fiynn 
and the Department of Biological Fritz LiIpMANN 
Chemistry, Harvard Medical School 

Boston 
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* Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 174, 37 (1948). 
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OROTIC ACID, A PRECURSOR OF PYRIMIDINES IN THE RAT 
Sirs: 


In recent years orotic acid (uracil-4-carboxylic acid) has been found to 
be essential for the growth of some microorganisms;! some pyrimidine-re- 
quiring Neurospora mutants were found to grow equally well with uracil 
and orotic acid? and some mutants have been found to produce orotic acid.* 

It has been suggested that orotic acid is a by-product in the biosynthesis 
of pyrimidines in Neurospora. 

In order to investigate the metabolism of orotic acid in the rat we have 
synthesized orotic acid‘ containing 6.06 atom per cent excess N®. This 
acid was injected into rats, 12.5 mg. per 100 gm. of body weight, twice daily 
for 3 days. 

From the pooled livers the polynucleotides were prepared and the ribo- 
sides isolated. 

The cytidine and uridine were found to contain respectively 0.872 and 
1.133 atom per cent excess N™; 7.e., a dilution of only 5.4- and 6.9-fold. 

The purine ribosides, adenine and guanine from DNA and the proteins 
contained only insignificant amounts of N™. 

Plentl and Schoenheimer® have found that neither uracil nor thymine 
administered to rats was utilized for the synthesis of polynucleotides. 

Our results prove that the injected orotic acid was utilized in the biosyn- 
thesis of both uracil and cytosine. 

A detailed report will appear later. 


Department of Physiological Chemistry Sune BeRGstrROM 
University of Lund, Lund 
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1 Rogers, H. J., Nature, 158, 251 (1944). 

2 Loring, H.S., and Peres, J.G., J. Biol. Chem., 153, 61 (1944). 

§ Mitchell, H. K. ‘s Houlshan, M. B. , and Nye, J. F. , J. Biol. Chem., 172, 525 (1948). 
‘Nyc, J. F., and Mitchell, H. K., a Am. Chem. Ses. 69, 1382 (1947). 

’Plentl, A. A., and Schoenheimer, R., J. Biol. Chem., 153, 203 (1944). 








